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This program wan aimed at the determination of the effect of certain macro and micro-

s tructural vari at-.ions on the mechanical properties or Ti-6Al-4V, Ti-6Al-6V-2, n, and 

~i-6Al-2Sn-4Zr-6Mo forgings. 

~he first task (A) involved the effect of starting billet macrostructure on fi ni shec 

forging mechani cal properties, The second task (B) was the evaluation of the mech-

anical properties of different microstructures resulting from forg i ng an1 heat· 

treating variations. The microstructures of all conditior,s as observed rJ optical 

mic oscopy are presP.nted and described, Selected sampleP or thin foil t ransmission 

electron micrographs are included , and a characterization or all the structures as 

revealed by transmi ssion microscopy is reported. 

Fracture patterns of the fracture toughness bars are characterized by scannin~ 

electron micrographs, 
~ mec hanical property rating system which may be used to compare the various 

conditions evaluated is deecribed . Using this system, each microstructural condi-

tion is rated for various mechanical properties, and total scores are shown for 

comparat i ve purposes. 

~ third task involved the ettect or certain metallurgical rlavs on the mechanical 

properties of the Ti-6Al-4V and Ti-6Al-6V-2Sn alloys. Type II or "soft alpha. " 

segregation in the 6-4 alloy and "Beta Flecks" in the 6-6-2 alloy were evaluated . 

The same mechanical property teats used in Taeka A and B were used for eval uation. 
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ABSTRACT 

\This program was aimed at the determination of the effect of certain 

mi cro and microstructural variations on the mechanical properties of 

Ti-6Al-4V, Ti-6Al-6V-2Sn, and Ti-6Al-2Sn-4Zr-6Mo forgin ~ 

The first task (A) involved the effect of starting billet macro­

structure on finished forging mechanical properties. The second 

task (B) was the evaluation of the mechanical properties of different 

microstructures resulting from forging and heat treating variations. 

Twenty-three structures were investigated for the 6-4 alloy, 
twenty-two for the 6-6-2 alloy, and eleven for the 6-2-4-6 alloy. 

Smooth and notched tensile, smooth and notched high cycle fatigue, 

ow cycle fatigue, and fracture toughness properties were 
established for each structure. produced in tasks A and B. The 
microstructures of all condittons as observed by optical mic oscopy 

are presented and described. Selected samples of thin foil trans­

mission electron micrographs are included, and a characterization 

of all the structures as revealed by transmission microscopy is 

reported. 

Fracture patterns of the fracture toughness bars are characterized 

by scanning electron micrographs. 

i mechanical property rating system which m~y be used to compare 

the various conditions evaluated is described. 1 Using this system, 

each microstructural condition is rated for various mechanical 
properties, and total scores are shown for comparative purposes. 

A third task involved the effect of certain metallurgical flaws on 

the mechanical properties of the Ti-6Al-4V and Ti-6Al-6V-2Sn 
alloys": j Type II or "soft alpha" segregation in the 6-4 alloy and 

"BetaTlecks" in the 6-6-2 alloy were evaluated. The same 
mechanical property tests used in Tasks A and B were used for 

evaluation. 
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FOREWORD 

This Final Technical Report covers work performed under Contract 
AF-33615-71-C-1560 from July 1, 1971 through August 1973. 

This contract with Wyman-Gordon Company, Worcester, Massachusetts 
was initiated under Project 226-1. The work was begun under the 
tech~ical direction of Mr. G. w. Trickett and continued under 
Mr. N. E. Klarquist AFML/LTP of the Manufacturing Technology 
Division, Air Force Materials Laboratory, Wright-Patterson Air 
Force Base, Ohio 45433. 

The program was managed for Wyman-Gordon by Mr. R. B. Sparks 
assisted by Mr. J. R. Long. The contract was under the direction 
of Mr. J . E. Coyne, Director of Research. 

Low cycle fati gue testing was conducted at Pratt & Whitney Aircraft 
under the direction of Mr. Duane Ruckle . .I igh cycle fati gue and 
fracture toughness testing was performed at LTV Aerospace Company 
under Dr. Carl Dumesnil; Transmission Electron Micros copy and 
Scanning Electron Mic roscopy were carried out at the Ro ckwell 
International Science Center under Dr. James Williams. 

An Advisory Committee which met regularly during the course of 
the contract to review the program and provide te~hnical assistance 
consisted of the following: 

Mr. R. G. Broadwell Timet Company 
Mr. J. E. Coyne Wyman-Gordon Company 
Mr. N. E. Klarquist AFML 
Dr. H. Margolin Polytechnic Institute of 

/ 

York New 
Mr. T. K. Redden General Electric Company 
Mr. D. L. Ruckle Pratt & Whitney Aircraft 
Mr. R. B. Sparks Wyman-Gordon Company 
Dr. J. c. Williams Rockwell Internat;ional Science Center ,. 

This technical report has been reviewed and is approved. 

H. A. Johnson 
Chief, Metals Branch 
Manufacturing Technolo~y Division 
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I. INTRODUCTION 

Current military aircraft such as the F-14 and F-15 and future I 
aircraft including the B-1 will make extensive use of titanium 
forgings in both airframes and engines. The alloys of prime 
interest are Ti-6Al-4V, Ti-6Al-6V-2Sn, and Ti-6Al-2Sn-4Zr-6Mo. l 
It has been well established that mechanical properties of 
these alloys are affected by both micro and macrostructure. 
The forger, because of the nature of his operation in heating, 
working, and heat treatment, bears primary responsibility for 
the microstructure. Basic properties of these alloys, as 
affected by structure, are generally established; however, 
there is a need to determine the effect of structure variations 
on the extremely important second tier properties such as 
fracture toughness and fatigue. Also, a number of flaws and 
segregates have been recently observed in titanium parts. 
These defects have affected properties and service life. It 
was the purpose of this program to establish on closed die 
for gings the effect of various micro and ma ~ros t ructures, 
and certain flaws and segregates on mechanical properties 
including fati gue and fracture toughness. 

In Phase I, the effects of various billet macrostructures and 
for ged part microstructures on the first and second tier 
mechanical properties of titanium alloy forgings were determined. 
The alloys evaluated were Ti-6Al-4V, Ti-6Al-6V-2Sn, and 
Ti-6Al-2Sn-4Zr-6Mo. Two closed die forgings were used in the 
evaluation: a structural shape and a compressor disc shape. 
All forging was done in a 1500-ton hydraulic press. 

Macrostructures ~valuated included coarse and fine macro grain 
size and an intermediate size. Microstructures included those 
resulting from different amounts of forging reductions and 
different forging temperatures. Twenty-three different mir.rn­
structural variations on Ti-6Al-4V, 22 structures of Ti-6Al-6V-2Sn, 
and 11 structures on Ti-6Al-2Sn-4Zr-6Mo were made. 

Me chanical property data inc luding smooth and notched tensile, 
smooth and notched high cycle fatigue, low cycle fatigue, anc 
fracture toughness were developed for each macro and micro­
structural condition. The forging processes and thennal 
treatments used to produce the various macro and microstructures 
are describEj, and the ma cro and microstructures of the forgings 
are presented. In addition to light microscopy, transmission 
electron microscopy was also performed on all microstructural 
conditions. 
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Phase II included the Ti-6Al-4V and Ti-6Al-6V-2Sn alloys. The 
same closed die forging confi gurations used in Phase I were 
used . Metallu r g i cal f laws including soft alpha and beta flecks 
were evaluated for effect on smooth and notched tensile 
properties , low c ycle fatigue , smooth and notched high cycle 
fati g ue, and fra c ture tough ness. 

A te c hnical committee composed of t he follow ing individuals 
met r egularl y to r eview and advise on th i s program : 

R. G. Broadwell 
J . E . Coyne 
N. E . K.larquist 

H. Margolin 

T . K. Reddei i 
D. L. Ruc kl e 
R. B. Sparks 

J . C . \JiJliams 

Timet 
Wyman - Go r don Company 
AFML 
Polytechni c Institute 
of New York 
Ge nera l Electri c Company 
Pratt & Whitney Airc raft 
Wyman - Gordo n Company 
Rockwell International Science 
Sc ier~ce Center 

Machilling and t es ting of all spe c imens was performed at Wyman­
Go r dor; Company with the fol lowing exceptions : 

Hi g h cyc le f atig ue spe c imens machined at Stulen ~achine Company 
ar d t ested at LTV Ae rospace Company . The machining tec hnique 
used on the fat i g ue spec i mens is des c ribed in Appendix 8. 

Fra cture toug hness spe c imens were mach ined and tested at LTV 
Ae rospa ce Compa ny. 

Low cyc le fati g ue s pe c i me ns were machined at Gorbil Tool Company 
and te sted at Pratt & Whitney Airc r aft . 

All li gh t mi c roscopy was performed at Wyman - Go rdon; electron 
transmission mi c ros co py and s:::anning electron mi c roscopy were 
perfor med at Ro ckwe ll. Internat i ona l Sc ience Center . 
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II. MATERIALS 

Three alloys: Ti-6Al-4V, Ti-6Al-6V-2Sn, and Ti-6Al-2Sn-4Zr-6Mo 
were utilized. The materials for tne program supplied by 
T iMet Company are shown in 'l'able I. Ultrasonic inspection of 
all bars was performed at Timet Company and was repeated at 
Wyman-Gordon. Timet used immersion sonic testing on all 
round stock and contact sonic on all square material. 
Wyman-Gordon used immersion testing for all bars. Table II 
shows the details of the ultrasonic inspection. Although 
some bars showed "noise" to the extent noted, no discrete 
sonic indications were found. No obvious structural differ­
ences were found between the so-called high noise areas and 
lower noise areas. The finished forgings were al s o sonic 
inspected and compared with the starting billet stock. 

Wyman-Gordon chemical analysis compared with the mill analysis 
of all material i s shown in Table III. The beta t ransus as 
de termined rnetallograph i cally at Wyman-Gordon for each item 
is shown in Table IV. 

Macroetched sl i ces showed that all billets had the desired 
structures. Fi gures l - 5 show starting macrostructures. 

Micr6examination of starting billet stock showed that all 
material except the 14 11 square stock had been fin ished in the 
alpha+ beta range. Starting mic rostructu r es are shown in 
Figures 6 - 10 . BetA stabilized areas were conf irmed in the 
6Al-6V-2Sn alloy which was purposely melted to produ~e "flecks" 
(Figu re 9B) . 

An i n t e rmediate grain size was c reated at Wyman-Gordon on some 
of the 14" square Ti-6Al-4V by annealing at 2200°P for two 
hours. The n:acro and rnicrostructure of the intermediate grain 
size stock is shown in Figure Jl. 

Grain sizes of starting billet material used for the macro­
structure study 1Phase r, Task A) are shown in Table V. 

ii 
i 

l 
i, 



A. 

III. PHASE I, TASK A 

Processing 

Phase I, Task A, was a study of the effect of starting billet 
macrostructure on the mechanical properties of finished 
forgings. Ti-6Al-4V, Ti-6Al-6V-2Sn, and Ti-6Al-2Sn-4Zr-6Mo 
were the alloys investigated. Depending upon the efficiency 
of the ingot c onversion forging process, the final billet 
may contain a mixture of recrystallized and ncnrecrystallized 
grains, both showing evidence of alpha-beta working. These 
structure s may be duplexed or predominantly large or small 
in grain size. In this work, such a definition is applied 
to the terminology "coarse " and "intermediate" and "fine" 
macro gra in size billet. An attempt was made to give a 
general numerical grain size measurement (as shown in 
Table V); however, no effort was made at a delineation of 
percent r ec r ysta lliza tion versus percent nonrecrystallized 
g rains. Coarse and f ine grained billet from the same mill 
heat were obtained for the Ti-6Al-4V and Ti-6Al-6V-2Sn 
alloys. The coarse grained material was in the form of 
14" square stock wh i ch was quartered to 6" square. The 
f ine grained material was proce ssed by the mill to the 6" 
square size. An intermediate grain size was c reated at 
Wyman-Gordon on some of t he 14" square Ti-6Al -- 4V by 
annealing at 2200°F for two hours (see Materials). Six-
inch round stock was used to evaluate the Ti-6Al-2Sn-4Zr-6Mo 
alloy. 

For evaluation of the Ti-6Al-4V and Ti-6Al-6V-2Sn alloys, 
the structural shape was used (Figure 12). This forging 
was preformed on open dies, blocked in one set, and 
f inished in a second set of closed dies. This processing 
is typical of many titanium airframe parts. All operations 
were performed on a 1500-ton hydraulic forging press. A 
typical part after the various stages of forging is shown 
in Figure 13. Ten f orgings of this configuration were 
required fo r each condition. A total of 30 Ti-6Al-4V parts 
and 20 Ti-6Al-6V-2Sn parts were made for this task. 

I 

I 
'I , 

I 

, I 



'Ii ti 
Ji ,, 

A compressor disc part was used to evaluate the 
Ti-6Al-2Sn-4Zr-6Mo alloy (Figure 14). This part was upset 
and finished in two operations on a 1500-ton hydraulic 
press. A typical finished part is shown in Figure 15. 
Five f ine gra ined and five coarse grained wheels were 
forged. 

All the parts made for the macrostructure study were alpha 
beta forged in all operations using the temperatures shown 
in Table VI. After forging, the parts were heat treated as 
shown in Table VII. Ultrasonic inspection was performed on 
all finished for g ings using immersion techniques. No defects 
were found in ~ny of the forgings. A 3/32" flat bottom hole 
was the inspection standard. 

B. Testing 

Smooth and notc hed (Kt= 3.9) tensiles, low cycle fatigue 
(using the Pratt & Whitney half bolt hole specimen), smooth 
and notc hed high cyc le fatigue and fracture toughness 
specimens were take n from the forgings as shown in Figures 16 
t hrough 21. Tabl.e VII I shows the number of specimens of each 
type. A11 specimens f rom the s tructural part were taken from 
the heavy sec tion of the forgings (as was done when this shape 
was used for previous Air Force material evaluations). 
Spec i me n drawing s a re shown in Appendix A. Pratt & Whitney 
low cyc le fatigue testing is described in Appendix C. 
Machining procedure s used for high cycle fatigue spec imens 
are described in Ap pendix B. High c ycle fatigue testing was 
tension-tension conduc ted at an R ratio of 0.1. 

Longitudinal slices were ta~en through one structural forging 
representing each condit ion. Macrostructure of these slices 
are shown in Figures 22 through 26. ~icrostructures from the 
heavy sect ion of each condition are also shown in Figures 22 
throug h 26. Ma c ro and microstructure of the fine and coarse 
g rained Ti-6Al.-2Sn-4Zr-6Mo discs are shown in Figures 27 and 
28. All mi c rostructures showed primary alpha in a transformed 
matrix t yp i cal of alpha beta alloys forged in the alpha+ beta 
f iel d . 

Smooth and notched (Kt= 3.9) tensile results on all conditions 
are shown in Tables IX and~ respectively. High cycle fatigue 
resu l ts are s ummarized in Table XI. Table XII shows fracture 
toughness re s ults and LCF data are shown in Table XIII and 
Figure 29. 
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c. Results 

Ti-6Al-4V 

No signifi cant differences were found in smooth or notched 
tensile properties or in NTS/UTS rutio among the three macro 
grain sizes evaluated. 

'l'he intermediate grain size condition showed a significantly 
higher enduranc e limit (40 ksi) at 10 7 cycles than either the 
coarse grained (26 ksi) or the fine grained (30 ksi). 

The f i ne grained material showed a somewhat higher Krc (67.8) 
than the intermediate (57.5) or coarse grained (53.9) co11dition. 

The inte r med iate and fine grained conditions were superior to 
t he coar _e g r a ined condition in both initiation and growth to 
1/ 32 " '.: ra ck on the low cyc le fatigue test. 

Ti-6Al- 6V - 2Sn 

The fine gr a ined mater ial showed slightly higher strength and 
du c tili t y than the coa r s e grained material on smooth tensile 
tests. No s i gnificant difference was found in NTS/UTS between 
the two grain s ize conditions. 

No difference was found in notched high cycle fatigue behavior 
between the coarse 2nd fine grained conditions. Average 
fracture toughness of the coarse grained forgings (Krc = 70) 
was higher than that of the fine grained (Krc = 54) for this 
alloy. 

The fine grained material was slightly better thar, the coarse 
grained i n :i .... ,~t.i.::.tion and growth to 1/32" crack on the half 
bolt hol "' r . .,::p test. 

Ti-6Al-2 Sn-4Zr-6Mo 

For this alloy (as opposed to the 6-4 and 6-6-2) the coarse 
and fin e grained material were not from the same raill heat so 
that any differe~ces f ound might be somewhat influenced by 
slightly different chemistry. However, very little difference 
in properties was found . 

The fine grained material showed slightly higher strength and 
ductility than the coarse grained on the smooth tensile results. 
The NTS/UTS was not significantly different between the two 
grain size conditions. 
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Both coarse and fine grained conditions showed equivalent 
notched high cycle fatigue life at 10 7 cycles. 

Fracture toughness showed nv significant differences between 
the two grain sizes, Kie= 30.2 for the fine grained and 
Kie= 32.2 for the coarse grained. 

Low cycle fatigue data showed that the coarse grained con­
dition gave a longer average time to both crack initiation 
and 1/32" crack. 

Mechanical Property Rating System 

A mechanical property rating system was applied to the data 
for the various macrostructure conditions. Appendix D 
gives the details of the system. Table XIV shows the 
results for Phase I, Task A. No overall trend applicable 
to all alloys was apparent. The 6-2-4-6 alloy showed 
exactly the same total point score for both coarse and 
fine grained material. The 6-6-2 showed only a one point 
difference with the coarse grained higher. The 6-4 showed 
both the intermediate and fine grained to be superior to 
coarse grained with the difference coming essentially in the 
fatigue behavior. Both low and high cycle fatigue appears 
to improve with finer grain size for the Ti-6Al-4V alloy. 

Conclusions 

Macro grain size did not appear to significantly affect any 
of the properties tested on the subject alloys, except for 
fatigue on the 6-4 alloy. Lowest fatigue strength was 
associat~d with largest grain size for 6Al-4V alloy. Typical 
forging practice will carry over billet grain size. 
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IV. PHASE I, TASK B 

A. Processing 

This task consisted of a study of the effect of micro­
structure on mechanical properties of the three subject alloys. All starting b51let was fine grained to minimize any macro grainsize effect. Twenty-two different micro­
structures were produced in the structural part in 
Ti-6Al-4V and Ti-6Al-6V-2Sn alloys (Figure 12). Figure 30 shows an outline of the processing used to produce these 
structures. Fo1~ing temperatures are shown in Table IV. 
In the alpha+ beta categroy, 10-201 spherical alpha, 
(Figures 38A and 46A) and 40-501 spherical alpha (Figures 
38A-l and 46A-l) were aimed-for structures. Coarse 
elongated alpha, sometimes referred to as "spaghetti" or "wormy" alpha (Figure 39), a structure which has been seen in forging billet stock and finished forgings, was created 
by a thermal treatment (heating high in the beta field, then transferring to a furnace operating at approximately the beta transus, holding for an hour at that temperature, then 
slow cooling to approximately 150OF below the beta transus 
and air cooling). The preforms with this structure were 
conventionally forged in the alpha+ beta field. Grain 
boundary outlining (Figure 40) is another structure that 
was created by thermal treatment (heating to 50OF above the beta transus, holding for one hour, then transferring to a furnace at 1400OF, stabilizing at that temperature and 
then air cooling). Preforms with this structure were also alpha+ beta forged. In the beta forging section of the program, conditions included beta blocking and alpha beta 
finishing with two different amounts of reduction, beta 
blockin~ and beta finishing, and beta finishing with a slow cool to produce grain boundary outlining. In addition 
to the forging ~,ariations, both water quenching and air 
cooling from the forging press and two different heat 
treatments were utilized to provide further structure 
variations. All heat treatment s are also indicated in 
Figure 30. A total of 154 structural forgings were made 
for each alloy in this portion of the program. An 
additional group of structural forgings were made from low 
oxygen Ti-6Al-4V for one of the microstructural conditions 
(Conditions A). 
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The prucessing of the Ti-6Al-2Sn-4Zr-6Mo alloy is outlined in 
Figure 31. The compressor disc shape (Figu:~e 14) was used to 
evaluate this alloy. Forging temperatures are shown in 
Table XVI. The all alpha+ beta forged portion of the program 
evaluated two amounts of spherical alpha in the finished micro­
structure: 10-20% and 40-50%. In the beta forged evaluation, 
beta upset with finishing high (T - 25°F) in the alpha+beta 
field was done with two amounts of reduction in the finish 
operation. Two amounts of reduction in the finish operation 
was also performed low in the alpha+beta field (T-100°F). 
A completely beta forged condition (beta blocked and beta 
f inished) was also included. Heat treating included a 
standard solution treat and age, a solution treat and overage, 
and an anneal. 

Testing 

The t e sting program is outlined in Table XVII. Test specimens 
were removed f rom the forgi ngs in the same pattern as tha t 
used f or Phase I, Task A. 

The i n- process and final microstructures are shown in Figures 
32- 37. The final mi crostructures are shown and described in 
Figures 38-56 . 

For the purposes of this report, the following definitions 
apply: 

Primary (prior) B grain size 
B grain s ize of billet prior to f orging or B grain size 
resulting from pro cessing in the B field 

Secondary B grain size 
B grain size smaller than the primary grain size produced 
by thermome chaLLi cal treatment in the a - 8 field 

Measurement s of percent alpha and alpha particle size are 
shown in Tables XVIII-XX. All o f the mechanical property 
i11dividual test results are included in the interim progress 
reports on the pr ogram. For most properties, only summary 
data wil l be pr esen ted in thi s report. 

Smooth t ens ile da t a are summarized in Tables XXI, XXII, and 
XXIII. Notched tensile data are s hown in Tables XXIV, XXV, 
and XXVI . 
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• Table XXVII summarizes the high cycle fatigue data. S/N curves for the individual conditions are presented in 
the progress reports. As previously shown in interim 
progress reports, smooth bar data showed considerable 
scatter and the values given in Table XXVII are from the 
best curve fit of the 5/N curves. Notched bar fatigue data 
was generally good in that the spread was small: the 
individual data points fell in a smooth 5/N curve. 

A summary of the low cycle fatigue data is shown in Table 
XXXI and Figures 57-59. The Pratt & Whitney report on the LCF testing is included as an appendix to this report. 

c. Results and Conclusions 

1. Ti-6J\l-4V 

Tensile Properties (Smooth) (Table XXI) 

All conditions met 120 ksi minimum yield strength and 
130 ksi minimum ulti~ate strength as required by most 
specifications. In general, the conditions which were 
alpha+ beta forged in the last operation and given an 
STOA condition showed the highest strengths; however, 
the 101 primary alpha annealed condition (A) and the 
water quenched from a beta forge finish and annealed 
(5) condition showed equally good strength values. 

As a group, the all-beta forged condition (0 through U) showed lower ductility than the other conditions. One 
alpha beta forged condition, spaghetti alpha in the 
STOA heat treat condition (E) also showed poor ductility. 
All other conditions met the typical specification of 
101 elongation and 251 reduction of area. 

The best combination of strength and ductility with low standard deviation occurred with condition B alpha beta 
forged to 101 primary alpha structure, then solttion 
treated and averaged. 

11 



Tensile Properties (Notched) (Table XXIV) 

All conditions showed a NTS ratio greater than 1.0 at 
Off 

Kt• 3.9. 

Average~ 

conditions. 

values r~nged from 1.40 - 1.58 for all 

Lowest NTS (1.40) occurred with the 
Uff 

spaghetti alpha in the STOA condition (E). 

Hi~hest NTS (1.58) was obtained with conditions A-1 
tJ'r§' 

and N. 

High Cycle Fatigue (Smooth) (Table XXVII) 

The data is presented and the authors' interpretation 
of the S/N curves are shown: however, due to the large 
amount of scatter in the smooth bar fatigue data, no 
conclusion will be drawn fr~~ this work. Endurance limits 
ranged from 72-90 ksi at 10 cycles. 

The cause of scatter in the fatigue data was not isolated, 
but may in part be attributed to machining and testing 
variables such as specimen preparation, residual stress, 
and specimen alignment. A limited investigation of these 
factors did not reveal any reason for the wide spread in 
results. 

High Cycle Fatigue (Notched) (Table XXVII) 

In general, the notched fatigue data produced good S/N 
curves. 

Endurance limit at 10 7 cycles for Kt• 3.0 ranged from 
27 ksi to 38 ksi. Lowest notched bar fatigue life was 
obtained on the condition R specimen (27 ksi). This 
specimen was air cooled from a finish forge temperature 
in the beta range then given a conventional STOA treatment. 

The highest enduranc e lin, it, 38 ksi at 10 7 c ycles, 
was o b tai ned with Cond ition I. This condition was 
produc ed by b l ock ing and finishing at alpha+ beta 
temperature s , water quenching from the press, and 
anneali n . The s tarting billet had been treated 
to pur pose l y produce grain boundary alpha. 

12 
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Fracture Toughness (Table XXVIII) 

For all conditions tested, Krc ranged from 57 
to 87 for the standard 02 level 6-4. 

Four conditions (D, J, R, and U) gave Krc 
values 86-87. Two conditions (Band C) gave 
Krc value <60. All other 16 conditions 
showed Krc between 60 and 80. 

The one condition tested for low 02 material 
(condition A, alpha beta forged to 10 % 
primary alpha structure and annealed) gave 
a Krc of 103. 
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2. 'I' i-6Al-6V-2Sn 

Tensile Properties (Smooth) (Table XXII) 

All conditions met the typical specification minimum 
for anneal ed Ti-6Al-6V-2Sn of 135 ksi yield strength, 
14 5 ks i ultimate strength, 8% elongation, and 15% 
reduct ion o f area. 

The hi ghe s t s trength condition (S) was obtained by 
water quenching f rom the finish forge operation in 
the beta f i e l d . Those for gings given the STOA con­
dition or water quenched from the finish forge 
opera tion we re generally hi gher in strength than 
those air cooled f rom the forging operation and 
a nnealed . 

Those cond i tions whi ch had no beta temperature 
ex posu r e a t any poin t in the forg ing process (at 
Wyman-Gor don) cond i t ion s A, A-1, B, and C showed 
the best du c ti liti e s, e spe c ially outstanding was 
r educ tion of a r ea. 

The al l be ta processed grou ps showed a generall y 
lowe r duc t ility , mainly evident in reduction of 
area . The gro up whi ch was wate r quenched from 
the fina l f orge ope ration exhibited the lowest 
R. A. of all ~ond i t ions. 

Tensile Properties (Notched) (Table XXV) 

All conditions showed a~~~ greater than l for 

NTS 
Kt = 3 . 9 . Ave r age UTS ranged from 1.32 - 1. 53. 

NT S Lowe s t UTS (1.3 2) occurred with the condition (S) 

water quenched f rom a fi nish beta forge operation 
and annealed . 

Hi ghes t ~~~ ( 1. 53) r es ulte d f rom the condi t ion G, 

f orging s tock containing grain boundary al pha, alpha 
beta f orged and annealed. 
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High Cycle Fatigue (Smooth) (Table XXVII) 

As with the other alloys, in most cases, the scatter 
in smooth bar data was too great to ~rovide valid 
comparisons. Endurance limits at 10 ~ycles as 
interpreted by the authors ranged from <75 to 100 ksi. 
The lowest values at 10 6 cycles and projected to 10 7 

occurred with the "spaghetti" alpha structures water 
quenched off the press (Condition F) and the STOA 
heat treat condition (E). 

High Cycle Fatigue (Notched) (Table XXVII) 

'!'he notched S/N curves in general were good. Endurance 
limits at 10 7 cycles ranged ~rom 29-40 ksi. The lowest 
value at 10 7 cycles (29 ksi) was obtained with Condition Q, 
beta forged in both operations and annealed. The lowe~t 
of the alpha beta forged material (31 ksi) resulted from 
the grain boundary alpha stock in the annealed condition 
(G). Best 10 7 values (40 ksi) were obtained on grain 
boundary alpha stock alpha beta forged and given the STOA 
heat treatment (H), and the beta blocked and alpha beta 
finished, water quenched from the press and annealed 
condition (L). No major differences were apparent between 
the all alpha beta forged, beta+ alpha forged or all 
beta forged condition. The grain boundary alpha and 
spaghetti alpha conditions were also quite comparable to 
those conditions without these abnormal structures. 

Fracture To~ghness (Table XXIX) 

Krc values for all conditions ranged from 41.0 to 77.1 -
12 conditions gave Krc values between 60 and 77.1, 

2 conditions (Band C) were below 45, and the remaining 
8 conditions were between 45 and 60. 

In general, the 6-6-2 values followed the same pattern 
as the similarly processed 6-4 samples, but at 10-20 
ksi ✓ in. lower level. 

The highest values were obtained by conditions of B + ~s 
and all B forging (J, K, Q, R, S, and U. The lowest by 
conventional alpha beta processing (Band C) similar to 
the 6-4. 
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The lowest of the beta forged group at Ktc = 51.8 was 
Condition S (water quenched from the press after the 
finish operation and annealed). This condition (S) was 
also lowest of the 6-4 beta forged group. 

Low Cycle Fatigue (Table XXXI) 

The best LCF life (>20,000 cycles to 1/32" crack) was 
obtained with the following conditions: 

A, B, C, A-1, and K (marginally) 

All other conditions fall within the range of approxi­
mately 9-16,000 cycles for 1/32" long crack. 

For crack initiation (cycles to pinpoint indication) 
only Conditions C and B exceeded 20,000 cycles. 
Conditions A, A-1, and K showed pinpoints between 
15-20,000 cycles. All others were beluw 12,000 cycles. 

Ti-6Al-2Sn-4Zr-6Mo 

Tensile Properties (Smooth) (Table XXIII) 

All conditions in the STA heat treated condition met 
150 ksi minimum yield strength, 170 ksi minimum ultimate 
strength. Those conditions with two alpha beta forging 
operations given the STA heat treatment exceeded 10% 
elongation and 30% R.A. Ductility dropped with the use 
of beta temperatures for the first forge operation. The 
lowest ductility occurred with the use of beta tempera­
tures for both forging operations (Condition G). 
Condition G also showed the lowest yield strength of the 
STA heat treated condition. 

Highest strength condition was obtained by Condition B, 
alpha beta forged in both forging operations to a 50% 
spheri cal alpha structure and solution treated and aged. 

Lower strengths were produced by the STOA and anneal 
only heat treat condition. In these conditions, the 
forgings with the higher primary alpha content (50%) 
(Bl and B2) were somewhat higher in yield strength 
(10.4 KSI) than those with the lower amount (10%) 
(A-1 and A-2). 

15 
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The best combination of strength and ductility occurred 
with the alpha beta forged to 50% primary alpha then 
solution treated and aged. 

Tensile Properties (Notched) (Table XXVI) 

All conditions showed~;~ greater than l for Kt= 3.9. 

NTS Average UTS ranged from 1.25 - 1.47. 

Highest ~4~ 1.47 was obtained with alpha beta forged to 

10% primary alpha then given the STOA heat treatment. 
NTS Highest UTS for the STA condition was Condition A, alpha 

beta forged to 10% primary alpha and Condition E beta 
blocked, and given a 10% finish reduction in the alpha 
beta f ie,ld. 

Lowest gi~ (1. 26) resulted from the all-beta forged 

process with the STA heat treatment (Condition G). 

High Cycle Fatigue (Smooth) (Table XXVI I) 

Similar to the other two alloys, excessive scatter was 
obtained in the smooth HCF tests; 10 7 cycle endurance 
limits for all conditions were between 88-109 ksi. 

High Cycle Fatigue (Notched) (Table XXVII) 

The 10 7 endurance limits for all conditions tested fall 
within a relatively narrow band of 34-42 ksi. The 
highest value (42 ksi) was obtained on Condition A-1, 
alpha beta forged to a 10% primary alpha structure and 
annealed. The lowest (34 ksi) was determined on 
Condition F beta blocl~ed and alpha beta finished with 
30% reduction from a temperature low in the alpha+ beta 
field. 

Microstructure did not appear to have a significant 
effect on notched HCF, the 10% primary alpha condition 
(A), the 50% primary alpha condition (B), and the al~-
beta condition (G) all showed essentially the same , 
S/N curves. 
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Fracture Toughness (Table XXX) 

K1c values for all conditions ranged from 23.3 to 
52.4 ksi ✓ in. the lowest values (<25 ksi ✓ 1.n. ) 
were associated with Conditions B, B-1, and B-2 
which were alpha beta forged to a 50% primary 
alpha structure and then given the STA, anneal, and 
STOA heat t1:ea t.ments respectively. The corresponding 
conditions A, A-1, and A-2 which were similarly 
processed except to a 101 primary alpha level gave 
higher K1c values (27.9-31.1). The highest Krc 
(52.4) was obtained with Condition G, beta forged in 
both operations and given the STA treatment. The 
conditions which were beta blocked and alpha beta 
finished (C, D, E, and F) gave Krc values of 33.4-
44.6, better than the all alpha beta forged, but not 
as good as the completely beta forged condition. 
It was noted that in the straight alpha beta forged 
conditions, difficulty was encountered in stopping 
the crack. Five specimens were lost due to failure 
in pre-cracking. 

Low Cycle Fatigue (Table XXXI) 

Highest LCF li f e with runouts over >60,000 cycles was 
obtained with an all alpha beta forged structure with 
50% primary alpha in the annealed condition (Condition B-1). 

Highest LCF life of the STA heat treated conditions was 
also obtained on the 50% primary alpha structure 
(Condition B), with 55,000 cycles to 1/32" crack and 
approximately 51,000 cycles to pinpoint indication. 

Lowest LCF life and initiation was determined on the B 
block, B finish, STA, Condition G. Pinpoint indications 
occurred at approximately 8000 cycles and 1/32" crack at 
12,000 cycles. 

Notch-Time-Fracture 

All conditions passed 180 ksi for five hours without failure. 
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D. Microstructural Comments 

1. Ti-6Al-4V 

a. In general, the forgings finish forged from the 
alpha+ beta field which resulted in an elongated 
primary alpha struc ture rated highest in the 
mechanical property rating (Conditions I and J). 

b. 

c. 

d. 

e. 

f. 

The classical spherical primary alpha structures 
(Conditions A, A-1, B, and C) ranked about midway 
in the mechanical property level. 

Those forgings which were air cooled or slowly 
cooled from the beta finish forge operation 
(Conditions Q and T) resultina in a coarse 
Widmanstatten structure showed poor mechanical 
property ratings. Those forgings water quenched 
from a beta f inish forge operation and those 
given a STOA heat treatment after beta forging 
showed a distinct improvement in mechanical 
property rating over the slow cooled conditions 
(Conditions R, s, and U). It should be noted 
that the beta forged sample quenched from the 
press did not produce the expected martensitic 
structure in the 6-4 alloy , but a fine Widman­
statten structure (determined by transmission 
electro~ microscopy). 

A highly elongated "spaghetti" alpha structure 
given an STOA treatment (Condition E) gave the 
lowest mechanical property rating and all 
structures containing spaghetti alpha were 
generally poor. 

The structures containing remnants of grain 
boundary alpha (G, H, I) rated high in overall 
properties. No detrimental effects of the 
residual grain boundary condition were 
determined. 

The presence of an interface phase between the 
a and 6 phases resolvable only by thin film 
electron microscopy was found to varying extent 
for all conditions. (It was also found in the 
other alloys.) As the thickness of this phase 
increased, the trend was for the yield strength 
to decrease and toughness increase. The processing 
variables responsible for establishing the amount 
and distribution of this phase were not determined 
in this study. 
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2. Ti-6Al-6V-2Sn 

a. For this alloy, the classical spherical primary 
alpha microstructure (Conditions A, A-1, B, and 
C) generally provided the best combination of 
properties. 

b. The elongated primary alpha structures were mainly 
in the middle of the mechanical property rating 
(Conditions J through L). 

c. The Widmanstatten structure resulting from air 
cooling from a beta finish forge operation (Q) 
a nd the martensitic structure obtained from 

d. 

water quenching from a beta finish forge 
operation (S) resulted in the poorest mechanical 
property rating . 

The "spaghetti" alpha structure air cooled from 
the press and annealed (D) which contained no 
rnartensite had one of the highest mechanical 
property ratings. The similarly processed 
forgings with spaghetti alpha when given an STOA 
treatment or water quenched from the press so 
that some martensitic alpha was developed (E,F) 
were significantly lower in mechanical property 
ratings. All "spaghetti" alpha structures 
were generally poor in LCF. 

3. Ti-6Al - 2Sn-4:~-6Mc 

a. 

b. 

The structure giving the 
properties resulted from 
operations and contained 
spherical primary alpha. 
STA (B-1). 

best combination of 
two alpha beta forge 
approximately 50% 

Heat treatment was 

The elongated primary alpha structures resulting 
from a single alpha+ beta operation after a 
beta forge operation were generally lower in 
mechanical property rating than the all alpha+ 
beta forged conditions (C, D, E, F). Of those 
which received a single alpha+ beta operation, 
those finished high in the alpha+ beta field 
(C, D) were superior to those finished low in 
the alpha+ beta field (E, F). 
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E. Mechanical Property Rating 

Using the mechanical property rating systems (described in 
Appendix E) which included: 

Notched high cycle fatigue life to 10 7 cycles, low cycle 
fatigue life, and crack initiation, fracture toughness, 
ultimate tensile strength, reduction of area, and the 
notched tensile strength ratio, the following conditions 
appeared to show the best combination of properties: 
(Individual ratings are shown in Tables XXXII, XXXIII, and 
XXXIV.) 

For the 6-4 alloy 

Condition J 

Condition I 

Condition A 

Condition G 

Beta block+ a f, finish (10% reduction) 
air cooled and annealed 

Stock which contained intermittent grain 
boundary alpha, alpha beta blocked, and 
alpha beta finished,water quenched from 
the press and annealed . 

Alpha beta forged to 10-20% ~rimary alpha 
air cooled from the press and annealed. 

Stock which contained intermittent grain 
boundary alpha, alpha beta forged, air 
cooled from press, and annealed. 

For the 6-6-2 alloy 

Condition C 

Condition D 

Alpha beta forged to 10-20% primary alpha, 
water quenched from the press, and annealed. 

Stock which contained spaghetti alpha aS 
blocked and finished, air cooled from the 
press, and annealed. 

Condition A Alpha beta forged to 10-20% primary alpha, 
air cooled from the press, and annealed. 

Condition B Alpha beta forged to 15% primary alpha air 
cooled from press, solution treated, and 
averaged. 

Condition A-1 Alpha beta forged (50% primary alpha) annealed. 
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Condition L 

Condition O 

Beta blocked, alpha beta finished (10% 
reduction), water quenched from the press, 
and annealed. 

Beta blocked, alpha beta finish (30% reduction), 
air cooled from press, solution treated, and 
averaged. 

For the 6-2-4-6 alloy 

Condition B-1 Alpha beta forged to 50% primary alpha and 
annealed. 

Condition B Alpha beta forged to 50% primary alpha, 
solution treated, and aged. 

Condition A-1 Alpha beta forged to 10-20% primary alpha 
annealed. 

The poorest combination of properties based on this rating 
system occurred in the following combinations: 

For the 6-4 alloy 

Condition E Stock treated to produce spaghetti alpha, 
alpha beta blocked and finished, air cooled 
from the press. Solution treated and 
averaged. 

For the 6-6-2 alloy 

Condition Q 

Condition S 

Beta blocked and finished, air cooled from the 
press, and annealed. 

Beta blocked and finished, water quenched from 
the press, and annealed. 

For the 6-2-4-6 alloy 

Condition F Beta blockud alpha beta finished low in the 
alpha beta field (30% reduction on finish), 
solution treated and aged. 
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Fracture Toughness (Table XXVIII) 

For all conditions tested, Krc ranged from 57 to 87 for 
the standard 02 level 6-4. 

Four conditions (D, J, R, and U) gave Krc values 86-87. 
Two conditions (Band C) gave Krc value <60. All o ther 
16 conditions showed Kie between 60 and 80. 

The one condition tested for low 02 material (condition A, 
alpha beta forged to 10% primary alpha structure and 
annealed) gave a K1c of 103. 

Low Cycle Fatigue (Table XXXI) 

The best LCF life (those groups including "run outs" 
over 100,000 cycles} was obtained with conditions: 

A alpha beta forged (10-20% P.A.) 
air cooled and annealed 

I 

J 

L 

s 

grain boundary condition in stock, 
alpha beta forged. Water quenched 
from press and annealed. 

beta blocked, alpha beta finished, 
air cocled and annealed. 

beta blocked, alpha beta finished, 
water quenched and annealed. 

beta blocked, beta finished, water 
quenched from press and annealed 

The lowest LCF life {<20,000 cycles to 1/32" crack) ~as 
obtained with conditions: 

A (low 02), E, Q, T, and U 

Lowest crack initiation (values <20,000 cycles to pinpoint 
indication) was found on the following conditions: 

A (low o2), B, D, E, F, M, Q, T, and U 



V. PHASE II 

Phase II consisted of a study of two types of metallurgical 
defects found in titanium alloys - "soft alpha" segregation 
and "beta flecks". 

A. Soft Alpha Segregation 

Soft alpha segregation has been identified as regions containing 
higher aluminum content than matrix material which stabilizes 
the alpha phase in these areas. The soft alpha segregate for 
this investigation was created by forge bonding of strips of 
Ti-BAl-lV-lMo foil (0.015" thick) between sections of 
Ti-6Al-4V billet. Figure 60 shows schematically how this was 
accomplished. Billet faces to be bonded were machined and 
chemically cleaned . Two strips of Ti-BAl-lV-lMo foil (0.25" 
wide x .01 5" thick) were placed at 90° to each other over­
lapping at the center on half of the billets. ~he ends of 
the strips were tack welded t o the billets at the 0.0. to 
hold them in position. The billets with the strips were then 
joined to the remaining billets by EB welding. Sealing the 
edges of the mating surfaces of the billets by the EB method 
(welding in a vacuum chamber) insures that the mating surfaces 
to be bonded remain clean. After the initial upset on open 
dies ( 12" -+ 6") , the parts were finished in closed dies. 
Figure 61 shows one of the bonded discs after finish forging. 

Three discs were finished in the alpha beta temperature range and 
three above the beta transus of the matrix 6-4 alloy. Table XXXV 
shows the forging and heat treating processing. After forging 
and heat treating, all discs were ultrasonically inspected by the 
immersion technique per a typical aircraft engine builder's 
procedures (PWA SIM-lJ). All discs were inspected to 20% of a 
2/64" flat bottom ho le, and no indications were found in any of 
the parts . The "segregation" was not detectable by ultrasonic 
techniques . A 100 % sound bond was indicated. 

Figure 62 shows the macro and microstructure of a typical alpha 
beta forged disc con taining the inclusion. Segregated area was 
a pproximately 0.0012" thi ck . 

Figure 63 shows the macro and microstructure of a typical beta 
forged 6-4 disc whi c h contained the inclusion. Segregate 
layer showed an alpha particle size of approximately .00025". 
Smooth and notched tensile bars were taken in areas with and 
without the inclusion. Tensile results are shown in Table XXXVI. 
The beta forged disc showed approximately the same tensile 
properties with and without the inclusion. The alpha beta 
forged d isc, however, showed a sign ificant reduction in both 



C. 

B. 

smooth and notched strength and ductility in the ax :;_al 
direction (axis of the tensile bar parallel with axis of the 
dis c , normal to the plane of the inclusion) with failure 
occurring throu gh t he plane o f the inc lusion. The tangential 
tests (alpha beta forged ) showed tensi le pro perties to be 
approximate l y equal both wi th and without the inclusion. 

High and low cyc l e fat i gue a nd fracture toughness tests were 
also taken in areas with and witho u t the inclus ion. Figure 64 
shows the loc ation of test spec imens . Tab l e XXXVII shows HCF 
data. Low cyc l e fatigue data i s shown in Tabl e XXXVIII. 
Fracture toughness r es ul ts are shown in Tab l e XXXIX. 

Beta Flecks 

Figure 65 shows a ma c roetc he d s l i c e of Lh e: 1·i-6Al-6V-2Sn bar 
used to make t he for g ing with "beta flecks ". Also shown in 
Figure 65 is t he rnicrostructure of the typ i cal "flecks". 
Flecks ar e de f ined as areas havi r g a l ower be ta transus than 
the ma t rix material so that after normal alpha+ beta processing, 
these area s appear as i slands of acicula r t r ans formed structure 
in a matr ix o f typical spheri c al alpha s tructure. The heat used 
for thi s evaluation was purposely mel ted to produce "flecks'' for 
evaluatiorl . The struc tural fo r ging used fo r Phase I was used in 
this evaluation. Forgings were made by three methods as out­
lined in Tab le XL . The f ir s t gro up was made by typical 
produc tion proc edures used for the 6- 6- 2 a lloy, all operations 
at 50-75°F below the beta tr ans us of th e base material. A 
m~crosec t ion o f one of the fo rgings made by this process is 
shown in Figure 66 . The fle c ked areas are easily seen. A 
photomi c rograph showing the appearance of one of the flecks 
in the finished forging is a l so shown in Figure 66 . The 
sec ond group of f orging s was produced wi th both closed die 
operations pe r formed a t approximatel y 125-135°F above the 
beta transus . In th is condition , a ll the matef ial showed 
the a c i cular transformed s tructu r e , and t he flecks were not 
discernib l e (F i gure 67) . The third a roup was processed at 
very low alpha + beta temperatur e (225°F below the beta 
transu s of the matrix material) i n o rder to stay below the 
transus o f the " fleck " areas . This p r ovided a uniform 
structure of s phe ri ca l alpha in a transformed matrix through-
out the part . F l ecked areas cou ld not be dis t inguished 
(Figure 68). All parts we re ann e aled at 1350°F (2 hours) and 

air cooled. 

Tensile, fracture toughness , low and high cycl e fatigue 
specimens were taken f r om the fo r gings as shown in Figure 69. 

Tensile properties are shown in Table XLI. Table XLII g ives 
fracture toughness results. High cy cle fatigue data is shown 
in Table XLIII. Low cycle fati g ue is presented in Table XLIV. 
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c. Phase II, Results and Conclusions 

l. "Soft Alpha 11 

a. 

b . 

c . 

d. 

Tensiles (Table XXXVI) 

Smooth bar tensile ductility and notched tensile 
ultimate were reduced by the presence of the "soft 
alpha" in c lusion when tested normal to the plane of 
t he inclusion (axial direction in disc) for alpha+ 
beta for ged discs . Failure occurred through the 
p lane o f the inc lusion. Tangential tests showed 
no significant differen c e between those specimens 
with and without the inc lusion. Beta forged discs 
showed no redu c tion in p roperties resulting from 
the inclus ion in e ithe r d irection . 

Hi gh Cycle Fatigue (Table XXXVII) 

Jo sign i ficant d i ffe renc es were found in the endurance 
limits between t he material containing the inclusion 
and base ma teria l i n smooth or notched HCF after 
either alpha beta or beta forging. 

Low Cycle Fatigue (Tab l e XXXVIII) 

Al pha beta fo r ged samples c ontaining the 11 soft alpha 11 

inclus i on fai led at a significantly lower number of 
cyc le s than those witho u t. Rupture of the defect 
conta i ning samples occurred with no prior indic3tion 
of c ra ck ing . The be ta forged samples containing the 
inc lusions failed at app roximately the same median 
times as those wi thout ; however, the inclusion was 
not at the center of t h e gauge length in two specimens 
and could not be detec ted in the gauge length of the 
other two . The a c tual va lues of the beta forged 
spec i men con tain i ng the defect are not valid for LCF 
life of a soft alpha inclusion as the inclusion was 
not i n the c en t e r of the g auge length . It is 
significant to note , however , that when there was 
an inc l usion with in the gauge length (not at the 
cen ter), the failure initiated in normal material at 
the center and not at the inclusion. This type of 
in c lusion is appa rentl y not particularl y sensitive 
to fati g ue c rack initiation in a beta forged part. 

Fra c t u r e Toughness Tab l e XXX IX 

No sig nifi cant differ~nc es were found in fracture 
toug hness be tween those samples with and those 
without seg regatio n either alpha beta or beta forged. 
Presence of the soft al pha along the fracture was 
confirmed meta llographically . 
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2. Beta Flecks 

a. Tensiles (Table XLI) 

Beta flecks did not appear to affect tensile 
properties in the annealed condition. Beta 
forging reduced tensile ductility; however, 
this is attributed to overall transformed 
structure and not locali~ed "fleck" area. 

b. Fracture Toughness (Table XLII) 

c. 

d. 

Presence of beta flecks did not reduce fracture 
toughness. The presence of flecks along the 
crack paths was verified metallographically. 
Krc of parts forged by standard practice 
(1675°F forge) Krc = 72-79, was equivalent 
to beta forged parts. Parts forged at very 
low alpha beta temperature (1500°F) (which 
eliminated visible flecks) showed significantly 
reduc 0d Krc values (Kic = 55-58). 

High Cycle Fatigue (Table XLIII) 

In notched HCF, the low a 8 forge procedure 
and the beta forge procedure appeared to be 
superior to the standard forged material 
(with flecks) at an endurance life of 10 7 

cycles. In smooth bar results, the low 
a + 8 was superior to the beta forged and 
standard forge practice parts. 

Low Cycle Fatigue (Table XLIV) 

Cra --::king in "standard forged" samples initiated 
in flecks. Highest median LCF life was obtained 
with low aS forged samples. 
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MICROSTRUCTUAL STUDY 

INITIAL, IN-PROCESS AND 
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Figure 32 
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MICROSTRUCTUAL STUDY 

INIT\AL, IN-PROCESS AND 

FINAL STRUCTURES 

Figure 34 
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T i-6Al-6V-2-.., 

M1CROSTRUCTUA L l' 

INITIAL . IN-PROCES!::> / 

FINAL STRUCTUREc 

Figure 35 

61 



Fi<rurc 3G 

7 i- Al- 6V-2Sn 

MICROSTRUCTUAL. STUDY 

l~J!TIAL. I -PROCE SS AND 

INAL STRUCTURES 



Ti-6AI- 6 V- 2S 

MICROSTRUCTUAL STUDY 

iNITIAL, IN-PROCESS A D 

FINAL STRUCTURES 

Figure 
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Con i ion A: 
6 equi xed ; pl elet 
prec ipitated in 
se ond ry grains . 
Some outline of 
s e ondary B gr a ins 
by 

i C: 
e i xed ( 

0 di i A, 
w h gr ea OU 

0 seco ry 
-

Fig re 38 Cornmen s 
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Condi-io 
28 i .J. i pla e l e i 

pr ec l in 
s g i s . 
P t presen i1 

sizes ; 
resu ran dif eren 

her r atrne1 t . 

C'o itio1 rd 
32 eq i .J. 

Si l 01 c.. i io1 B, 
wi r In< u s 0 

h l'O r se r pla lele l • 
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Pk. 5^J-,5''^'.y-*i^’.' ;5!f;i^
A-1

Kinal Structures Tj.-f)Al-4V 
Mlcrostructural Study 

See •1 are 30 ioc Processing Details

■la ji. i: i cati on • All 200X Etchant: NaOH,

Negative 16515

Figure 38 
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Condition D - 30 a . This 
determined from mea surement of 
regions A and B. Alph corre­
sponding to regions A and B 
precipitated from primary B 
gr ins. Some evidence of 
re crystallization in the 
coarse of region A. Alph 
of re ion A is frequently 
referred to as coarse 
elong ted Re · on Bis 
designated a c olony of 
ligned Region C pla ele t 

formed at temperatures 
below those t which of 
reg ions A and B fo med. 

Condi ion E - 2 5 u . .1. 

of re i ons similar o 
A, B, C , n D used to 
de ermine pcr c n age of 

Alph of areas A-D 
precipi ed f r om pr im ry 

g r ins . Alpha of 
re i on B p r ecipil e d 
primary r in bou 
Some evidence of r ecrys -

ll iza io in ..( corre ­
spondinj o A , B, n C . 
Secondary ► r in outl ' 1e 
by regio1 E . M 
consis so s cond ry 

r i ns ir which the 
eneral l y u11r solved 

pl el .i h s 
p r ec..ipi t t_cl . 

Condit on F - 2 ~ . The ~ercen g o ~ e er­

mi ned from re i o s correspondi n o A an B. 

Alph of A ad B precip i a ·e d fr om primary; 

grains. Alpha "A" prec i p i a ed a primar y ... 

g rain boundary . Al igned color y of~ a B. 

Al pha of reg i o n C formed 0 coo l ing rom 

temperatures below h a which regio s A . d 

B o rmed . Some evidenc e of r ec r ~s alliza ion 

o reg ions and R, bu this is no e sily 

de te c e d. 

Fi gure 39 Comrnen s 
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i-St^
Final Structures Ti-6A1-4V 

Microstructural Stuuy 
See Fijute 30 for Processinq Details

.'•la i:; i f icdt ion : All 200X Etchant: NaOH, H2O2

N'e^iative 16516

Figure 39



Condition G - 29 Alpha , 
formed as a result of cooling 
from the B field , has 
precipitated at primary B 
grain boundaries and within 
these grains . Working 
within the - 8 field has 
produ ced some recrystalliza -

ion of both grain boundary 
nd intragranular In-

s ffic ient working and heating 
he ting in " - field has 
pr vent d ~rum becoming 
equi xed s seen in 
Co1 ition A, Figure 31 . 
Platelet alpha in region A 
produced on cooling f rom 
temperatures below hose at 
which he coarser:.,. formed . 

Cond~tion I - 23 
Similar to Condition G 

Figure 40 Corn.nents 

68 

Condi ion H - 26 
Similar o Condition G 





Condition J 63 
Condition M 43 

, Condition K 45% a, Condition L 52% a, 

Structures J, K, L, and Mar similar to Conditions G, 
H, and I, with the following PXCeptions: 

Conditions J, K, L, and have less grain boun ary a 
as a result of more rapid cooling from the B field 
co pared to that for Conditions G, H, and I. 

Conditions J, K, L, and M reflect less alpha beta 
working than Conditions G, H, an] I. 

Alpha morphology of Condition L segments is re erred 
to s a "basket weave" morphology. 

Figure 41 Comments 
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'V--;

'P^WSi/P‘‘

ii»:^m
Kinal .Structures Ti-CA1-4V 

Microstructural study 
Soc ri jure 3Q for I’rocossincj Detail.s

Mu mi f ication: All 200.X Ltchant: XaOH,

Mejative 16518

Figure 41 
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Condition N - 76 , Condition O - 43 , Condilion P - 68% 

Structures are essenti lly similar to Condition L , Figure 41, 

with the in basket weave morphology . Working 30 in the 

- 8 field has produced some raggedness in the , particularly 

ootice ble in Condition N. This indica es recrystallization 

of th lpha , which has occurred without destroying the 

baske Wtave morphology . The lower percentage of in 

Condition O results from solution of alpha during the 

solution tre trnen . 

Figure 2 Comments 
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m

Final Structures Ti-6Al-4''
Microstructural Study 

See Fi )ure 30 for Procossinq Details

Magnification: All 2?0X Etchant: NaOH, H2O2

Negative 16519

Figure 42



Condition Q - 75 Condition R - ~8 
6 fie l d has proa ·ced this basket 
Solution treatmert , Condition R, 

Air cooling trom the 
weave morphology . 
has dissolved some 
take place without 

, and permitted some coarsening to 
destroying the basket weave pattern. 

Condition S - 58 Since tis material was water 
quenched from the 8 field , the basket weave morpho l ogy 
could not form and the alpha, in platelet form, is 
quite fine . As Table XVIII indicates , the percentaqe 
of lpha was measured t 800X. This permitted 
determination of the percentage of which would not 
be possible a the 200X magnification reproduced 
ere . Cooling from the 6 field has produc d some 

outlining of the prior 6 grains. 

Figure 43 Comments 
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Fi nal St ructu r es Ti-6Al-4V 
Microstructural Study 

Sec ri ,J ure 30 f o r Proccssinq DP.Lails 

Ma ni fica tion: Al l 200X 

Negative 16520 

F i gure 43 
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Condition 'I' - 92% Ct, and Conditi oll lJ •• 49% a . 
Condition T similar to Conui ti o11 O. Condit ion U 
similar to Condition R. The i 11 cn:;i.11,ed c o~1: ::ew:::ss 
of structures U and T over Q a 11 d !{ i ~: due to 
slowe r cooling from the B fiel d . 

Figure 44 Corn11 tu1L :,; 
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Condition A Low 0
2 Structure similar to Condition A s tandard 0

2 (Figure 38) 

Figure 45 Comments 
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X200 

Fi gure 45 
Final Microstructure Ti-6Al-4V 

Low Oxygen Condition A 
See Fi ure J r. f or Processing Details 

Etc h nt Na OH, H
2
o

2 
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Condition A: 
l '::i % equiaxed ex; fine 
platelet a precipitated 
in secondary B grains. 

Condition C: 
23 % equiaxed o. 
Same as Condition A, 
but with greater out­
lining of secondary 
beta g rains. 

Figure 46 Comments 

80 

Condition B: 
33 % equiaxed a . 
Platelet a precipitated 
in secondAry G g r ains . 

Condition A-1: 
42 % equiaxed u 
Platelet a coarser 
than Condition B. 
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;,1icros 
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Condition E - 24% a . This 
% a determined from measurement 
of region A. Alpha corresponding 
to region A precipitated from 
primary B grains. Some evidence 
of recyrstallization in the 
coarse a of region A. Alpha of 
region A is frequently referred 
to as coarse elongated a . 
Region B platelet a formed at 
temperatures below those at 
which a of region A formed. 

Condition E - 21 % a . 
a of regions similar to 
A, B, and C used to 
de t ermine percentage of 
a . Alpha of areas A-C 
precipitated from 
primary B grains. Alph a 
of region B prec ipitated 
at primary B grain 
boundary. Region D 
formed at temperatures 
below those at which a 
of regions A, B, and C 
formed. 

Condition F - 23% a . The percentage of a determined 
from regions corresponding to A and B. Alpha of A 
and B precipitated from primary B grains. Alpha 
at "A" precipitated at primary B grain boundary. 
Alpha of region C formed on cooling from tempera­
tures below that at which regions A and B formed. 

Figure 47 Comments 
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D 

,,nific · ion : 

F 

fin l Str ctures Ti-6Al-6V - 2Sn 
Nicrostruc ural Study 

Sc fL~urc 3 0 for Processing Details 

E 

11 200:-: etchant : 

:-.J Cg at i V C l 6 5 2 3 

Fi gure 47 
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Condition G - 24 % a . Alpha, 
formed as a result of cooling 
from the B field, has pre­
cipitated at primary B grain 
boundaries and within these 
grains. Working within the 
a - 6 field has produced some 
recrystallization of both 
grain boundary and intra­
granular a . Insufficient 
working and heating in a - 6 
field has prevented a from 
becoming equiaxed as seen 
in Condition A, Figure 38. 
Platelet alpha in region A 
produced on cooling from 
temperatures below those 
at which the coarser a 
formed. 

Condition H - 25% a . 
Similar to Condition G. 

Condition I - 20% a . 
Similar to Condition G. 

Figure 48 Comments 
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, .. 111- l :· t , U C uro2 .; Ti - 6l\ l- 6V - 2Sn 
'i i cros rue u r a l Study 

-''-'L i . 11.1.,.' JO ror Pr occ-ss i nJ De ai J f 

t l I,:' : ; . I I .'. ( j (l • 

Fi gure 48 
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J~l~l~~~,,~lfflmi~11rPffl~~~rm~~~~~~1ffl~~m~1~~~m~~1 ~~~ ,. ~1 ., , • ~r1lf" 
I • ,,,,. ,, " ' ' 

Condition J 60 % a , Condition K 31 % a, Condition L 46 % a , 
Condition M 26 % a . 

Structures J, K, L, and Mare similar to C0nditions G, 
H, and I except Conditions J, K, L, and M have less 
grain boundary a . 

Figure 49 Comments 
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Fi1 al Struc ture s Ti- 6A l- 6V - 2S 
Mi rostructural Study 

c·c F L11ur' 30 for Pr ocess in c De ails 

·,1 J 200:-; E cl ..:in· : 

Figure 49 
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Condition N - 64% a , Condition O - 39% a, Condition P - 49% a, 
S~ructures ~re essentially similar to Condition L, Figure 41, 
with ~he a 1~ ~asket weave morphology. The lower percentage 
of a 1n Cond1t1on O results from solution of alpha during 
the solution treatment. 

Figure 50 Comments 
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Final S t r uc t ures Ti- 6Al- 6V - 2Sn 
Micros truc t ura l Study 

See F i g u r e 3 0 f or Proces s ing De tail s 

.'-la c nifica t ion : All 2 00 X 

Fig:.ire 50 
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Condition Q - 71% a ; Condition R - 45% a . 
Air cooling from the 8 field has produced this basket 
weave a morphology. Solution treatment ~ondition R) has dissolved some a , and permitted some coarsening 
to take place without destroying the basket weave 
pattern. 

Condition S - 67 % a ; 
Since this material was water quenched from the A 
field, the basket weave morphology could not form 
and the alpha, in platelet form, is quite fine. As 
Table XIX indicates, the percentage of alpha was 
measured at BOOX. This permitted determination of 
the perce11 tage of a which would not be possible at 
the 200X magnification reproduced here. Cooling 
from the A field has produced some outlining of the prior G grain:.. 

Figure 51 Comments 
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Final Structures Ti-6Al-6V-2Sn 
Microstructur 1 S tudy 

Sec Fi~ ur e 30 for Processin Details 

R 

,\l.:i <nifi cation : All 200X Etchant : 

Negative 16527 

Figure 51 
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:i 

Condition T - 4 .!.% ,x. 
Slow cool from the beta 
field has produced this 
basket weave a morphology. 

Figure 52 CommeDts 
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Condition U - 39% u . 
Structure essentially 
similar to Condition R. 

,1 11, Ill f. ,,~Ii 1-·IH' ;i.,L~B~- 4uJ , 

. " ·~ • 1ij~~1~~~~i.JttU1w•ii---~w~w-~i■aw1~~~~11t1 ' 
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I·' 11 J S tr C ll e~; Ti -fal\l - 6V-2Sn 
:-1i ro ,; r 1c .1 J s ucly 

S,.i • l'i JU e 30 for Proce.;;sin<1 D iJ s 

Figure 52 
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Condition A - 11 %, A-1 - 8%, and A-2 - 10 % e quiaxe d alpha. 
Solution treatment has caused agglomeration of 

equiaxed a and coars e ning of platelet a in Condition A . 

Figure 53 Comments 
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Condition B -
34% equiaxed a. 

Condition B-2 
32% equiaxed a. 

Figure 54 Comments 
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Condition C - 49 i , D - 21%, and E - 49 % platelet alpha. Plate let alpha results from beta temperature s used 
in first forge operation. 

Figure 55 Comments 
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Condition F - 51 % and G - 47 % plate l e t a . 
StrucLur ~ similar to C, D, and E. 

Figure 56 Comments 
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Table I 

Starting Material for Titanium Forging Program 

Item \lloy Size DescriEtion 

1 Ti-6Al-4V 14" Sq. Coarse Gralned 
(.15-.20 02) 

2 Ti-6Al-4V 6" Sq. Fine Grained 
(same heat as 1) 

3 Ti-6~1-4V 6" Rd. Fine Grained 

4 Ti-6Al-4V 6" Rd. Fine Grained 
(.12-.15% 02) 

5 Ti-6Al-6V-2Sn 14" Sq. Coarse Grained 

6 Ti-6Al-6V-2Sn 6" Sq. Fine Grained 
(same heat as 5) 

7 Ti-6Al-6V-2Sn 6" Sq. Flecked Fine Grained 

8 Ti-6Al-2Sn-4Zr-6Mo 6" Rd Fine Grained 

9 Ti-6Al-2Sn-4Zr-6Mo 6 II Rd. Coarse Grained 
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TABLE III

CHEMICAL C0MP06ITICK OF BILLET STOCK

I, Item Heat Analysis
No. Nisnber Source V Sn ar O2 Ng Hg C Fe Cu n

1 TMCA TMCA 6.0 4.2 .19 .010 .004 .022 .17 Bal
K9?40

W-G 6.6 4.2 .15 .012 .003 .018 .20 ti

TMCA
K9S40

TMCA 6.0 4.2 .19 .010 .007 .022 .27 If

W-G 6.5 4.1 .19 .012 .006 .010 .16 99

3 TMCA
K86?i

TMCA 6.4 4.2 .20 .010 .007 .026 .20 If

W-G 6.2 4.2 .18 .oo -> .006 .020 .18 99

TMCA TMCA 994 K8738 6.0 4.0 .13 .008 .010 .026 .12

W-G 6.3 3.9 .13 .013 .007 .030 .14 99

5 TMCA TMCA 5.5 5.5 2.3 .19 .016 .002 .022 .66 .60 99

K9?0C
W-G 5.5 5.4 2.0 .17 .020 .003 .026 .51 .50 If

6 TMCA TMCA 5.5 5.5 2.3 .19 .016 .004 .022 .66 .60 99

K9200
W-G 5.6 5.6 1.8 .18 .015 .007 .029 .53 .51 99

7 TMCA TMCA 5.5 5.2 2.2 .18 .015 .006 .022 .67 .53 ft

K8583
W-G 5.5 5.6 1.8 .15 .011 .007 .022 .73 .87 ft

8 TMCA TMCA 6.0 2.1 4.1 5.8 .12 .010 .005 .026 .08 ft

K9056
W-G 5.7 2.0 4.1 6.3 .12 .009 .004 .002 .08 99

q TMCA TMCA 5.9 2.0 4.1 5.8 .11 .009 .010 .026 .11
ft

7 K7478 W-G 5.8 1.9 3.6 6.0 .09 .006 .009 .016 .10 99



Table IV 

Beta Transus for Program Materials 

(Determined Metallographically at Wyman-Gordon) 

Item Alloy Beta Transus 

1 Ti-6Al-4V 1825°F 

2 Ti-6Al-4V 1830°F 

3 Ti-6Al-4V 1835°F 

4 Ti-6Al-4V 1800°F 

5 Ti-6Al-6V-2Sn 1725°F 

6 Ti-6Al-6V-2Sn l 735°F 

7 Ti-6Al-6V-2Sn 1725°F 

8 Ti-6Al-2Sn-4Zr-6Mo 1750°F 

9 Ti-6Al-2Sn-4Zr-6Mo 1935°F 



Alloy 

6-4 

TABLE V 

BILLET GRAIN SIZE - MACROSTRUCTURE STUDY 

Condition 

Coarse 

Inter. 

Fine 

Coarse 

Fine 

Coarse 

Fine 

ASTM 
Macro 

Location Size 

o.o. M 2.5 

Center M 4 

General M 9.5 

General M 13.0 

General M 6 

General M 13.5 

General M a.s 
General M 14 

119 

Average 
Size, in. 

l X .35 

.3 X .4 

.05 X .05 

.014 X .014 

.18 X .18 

•"]2 X .012 

.07 X .07 

.01 X .01 

Area, in 

. 35 

.12 

.002 5 

.0002 

.031 

.000J4 

.005 

.000] 

A. 'I'M 
'-h e o 

J . s . 

() 

. J 



TABLE VI 

FORGING TEMPERATURES USED FOR PHASE I, TASK A 
(MACROSTRUCTURE EVALUATION) 

Preform Block 
Temper,ture Temperature 

Alloy < •F> < •r > 

Ti-6Al-4V 1775 1775 

Ti-6Al·6V•2Sn 1675 1675 

Ti-6Al-2Sn-4Zr-6Mo 1675 

120 

j ~.; J 

'I' •! : [d t" ll I • 

( F ) 

177 S 

l(i 5 

167S 



TABLE VII 

HEAT TREATMENTS USED POR PHASE I, TASJ< A 
(MACROSTRUCTUU EVALUATION) 

Ti•6Al-4V 

Ti-6Al-6V-2Sn 

Ti-6Al-2Sn-41r-6Mo 

Heat Treatment 

llOO•r (2) Air Cool 

lJSo•r (2) Air Cool 

1,2s•r (2) Air cool+ 11oo•r <B> Air cool 

121 
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TABLE X 

MACROSTRUCTURE PROGRAM NOTCHED (1t • 3.9) TENSILE TEST DATA 

N'I'3 
NTS UTS -

Alloy Grain Size ~ Max. Ave. tin. Max. Ave. - - -
6-4 Coarse 226 231 228.4 1.50 1.58 l . 5 3 

Fine 221 239 228.5 1.47 1.58 J.51 

Inter. 225 235 229.6 1.42 1.60 J.50 

6-6-2 Coarse 231 239 236.4 1.51 1.57 l. 53 

Fine 224 242 232.2 1.42 1.61 1.52 

6-2-4-6 Coarse 229 255 242.6 l. 30 1.43 1.38 

Fine 221 258 237.l 1.22 l. 44 1.32 



T
A

B
L

E
 

X
I 

M
A

C
R

O
ST

R
U

C
TU

R
E 

ST
U

D
Y

 
-

FA
T

IG
U

E
 

ST
R

EN
G

TH
 

A
T 

IN
D

IC
A

T
E

D
 

C
Y

C
L

E
S 

F
a
ti

g
u

e
 
S

tr
e
n

g
th

 
(K

S
I)

 
N

um
be

r 
o

l 
C

~
c
le

s 
K

t 
• 

3
.0

 
S

m
o

o
th

 
B

ar
 

N
o

tc
h

e
d

 
B

ar
 

A
ll

O
f 

C
o

n
d

it
io

n
 

JO
'-

1
0

5 
1

0
6 

1
0

 -
1

0
'" 

1
0

5 
1

0
£

 
1

0
 7 

T
i-

6
A

l-
4

V
 

C
o

a
rs

e
 

1
2

0
 

9
5

 
77

 
5

9
 

72
 

4
0

 
3

0
 

2
6

 
G

ra
in

e
d

 

I n
te

ra
e
c
U

a
 te

 
1

0
8

 
8

9
 

8
2

 
8

0
 

6
6

 
4

6
 

4
2

 
4

0
 

G
ra

in
 

F
in

e
 

1
2

6
 

9
8

 
82

 
7

0
 

6
2

 
41

 
34

 
3

0
 

.. 
G

ra
in

 
N

 
U

t 

T
i-

6
A

l-
6

V
-2

S
n

 
C

o
a
rs

e
 

1
1

7
 

1
0

3
 

8
9

 
7

5
 

6
7

 
4

4
 

3
5

 
3

3
 

G
ra

in
 

F
in

e
 

1
1

5
 

9
3

 
86

 
7

4
 

6
5

 
4

5
 

3
7

 
33

 
G

ra
in

 

T
i-

6
A

l-
2

S
n

-4
Z

r-
6

M
o

 
C

o
a
rs

e
 

1
1

7
 

9
6

 
9

2
 

8
8

 
6

6
 

4
2

 
3

9
 

3
1

 
G

ra
in

 

F
in

e
 

1
1

9
 

9
3

 
8

3
 

8
1

 
6

6
 

4
5

 
38

 
3

6
 

G
ra

in
 



TABLE XIJ 

FRACTURE TOUGHNESS DATA - MACROSTRUCTURE STUD¥ 

Serial I( "vera l<.: 
Number Alloy Condition (J<S: / in.) 11c 

1- 7-1 Ti-6Al-4V Coarse Grained '.; 6. 7 
1- 7-2 55.) 
1- 8-1 52.2 53.9 1- 9-1 52. J 
1- 9-2 53.2 
2- 7-1 Ti-6AJ.-4V Fin,1 Grained 64.0 
2- 7-2 69. J 
2- 8-1 67.6 

67.8 2- 8-2 5~.6 
2- 9-1 80.6 
2- 9-2 76. J 
J.-A7-l Ti-6Al-4V lntermerliate 55.2 
l-A7-2 Grain Size 62.8 
l-A8-l 52.4 57.5 l-A8-2 58. 2 
l-A9-l 58.8 

s- 7-1 Ti-6Al-6V-2Sn Coarse Grained 65.0 s- 7-2 73.2 s- 8-1 65.0 s- 8-2 75. 6 70.1 
s- 9-1 62.8 s- 9-2 78.8 
6- 7-1 Ti-6AJ-6V-2Sn Fine Grained 50. 3 
6- 7-2 53.8 
6- 8-1 54.4 6- 8-2 54.6 54.0 
6- 9-l 54.4 6- 9-2 56.6 

8- 1-J. Ti-6Al-2Sn-4Zr-6Mo Fine Grained 3J. 2 
8- 1-2 30.2 30.2 a- 1-3 ::, I) . 2 

Ti-6Al-2Sn-4Zr-6Mo C:>arae Grained 32.7 
32.4 32.2 
31.6 



Condition 

A 

A 

A 

A 

A 

A 

A 

TABLE XIII 

MEDIAN LOW CYCLE FATIGUE LIVES 
FOR ALL ALLOYS 

WITH VARIOUS BILLET GRAIN Siz1( 1 ) 

Grain 
Size 

Coarse 

Inter-
mediate 

Fine 

Coar•• 

Fine 

PHASE I, TASK A 

Cycles 
to 

Pinpoint 
X 10- 1 

Ti-6Al•4V 

12.S 

30.0 

15.0 

Ti-6Al-6V-2Sn 

10.0 

13.0 

Ti-6Al-2Sn-4Zr-6Mo 

Coar•• 47.S 

Fine 32.0 

Cycles 
to 

1/32• 
Crack 

X 10- 1 

16.0 

so.o 

23.0 

13.S 

17.0 

ss.o 
35.0 

( 1 ) a50 Life per Weibull Analysis 
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Remark• 

Banded 
micro■tructure 
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TABLE YN 

FORGING TEMPE~TURES USED FOR PHASE I, TASK B 
(MICROSTRUCTURE EVALUATION) 

I 

( 
Preform Block Finish 

Temp. Temp. Temp. 
Alloy Group (•F) (• F) ( o F) Comments 

Ti-6Al-4V A,B,C 1775 1775 1800 10-20, spherical !l 

A-1 1775 1750 1725 40-501 spherical a 

D,E,F 1775 1750 1750 Preforms treated to 
produce spaghetti a 
Preforms treated to 

G,H,I 1775 1775 1775 produce grain 
boundary a 

J,J<,L,M 1775 1900 1775 10\ r eduction in finish 
N,O,P 1775 1900 1775 30% reduction in finish 
O,R,S 1775 1900 1900 e finish 

T,U 1775 1900 1900 Slow cooled from 
finish forge 

Ti-6Al-6V-2Sn A,B,C 1675 1665 1700 10-20% spherical (J 

A-1 1675 1E25 1625 40-50% spherical a 

O,E,F 1675 1675 1675 Preforms treated to 
produce spaghetti a 
Preforms treated to 

G,H,I 1675 1675 1675 produce grain 
boundary a 

, J,K,L,M 1675 1800 1675 10% reduction in finish 
N,O,P 1675 1800 1675 30 % reduction in finish 
O,R,S 1675 1800 1800 8 finish 

T,U 1675 1800 1800 Slow cool from 
finish forge 
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Alloy 

TABLE XVI 

FORGING TEMPERATURE USED ~OR PHASE I, TASK B 
(MICROSTRUCTURE EVALUATION) 

Preform Block Finish 
Temp. Temp. Temp. 

Group (•F) <•r> <•r> Comments 

Ti-6Al-2Sn-4Zr-6Mo A 1625 1700 10-201 spherical I 

B 1625 1625 40-501 spherical ' l 

C 1800 1725 10\ reduction in finish 

D 1800 1725 301 reduction in finish 

E 1800 1625 101 reduction in finish 

F 1800 1625 301 reduction in finish 

G 1800 1800 B finish 
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( __ 

TABLE XVII 

PHASI I, TASK B 
MICROSTRUCTURAL STUDY MECHANICAL TEST PROGRAM 

Group 
Identification Alloy Type of Test 

A through u Ti-6Al-4V Tensiles (S) 

(See Figure 15) Tensiles (N) 
Low Cycle Fatigue 
High Cycle Fatigue (S) 
High Cycle Fatigue (N) 
Fracture Toughness 

A' through U' Ti-6Al-6V-2Sn Same as A through u 

A" through F" Ti-6Al-2Sn-4Zr-6Mo Tensiles (S) 
(See Figure 16) Tensiles (N) 

Low Cycle Fatigue 
High Cycle Fatigue (S) 
High Cycle Fatigue (N) 
Fracture Toughness 
Notch Time Fracture 

131 

Number 
of Total 

Teats Number 
per of 

Group Teats 

5 110 
5 110 
5 110 

10 220 
10 220 

l 66 

4 44 
4 44 
6 66 

10 110 
10 110 

l 33 
2 22 



Group 

A 

Al 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

0 

p 

0 

R 

s 
T 

u 

TABLE XVIII 

PERCENT ALPHA AND ALPHA PARTICLE SIZE MEASUREMENTS* (INCHES) 
PHASE I, TASK B MICROSTRUCTURAL STUDY 

Ti-6Al-4V 

Alpha Particle Size 
Elongated Blocky 

Equiaxed Alpha Alpha 
% Alpha Alpha Length Width Length Width 

6 .00058 
32 .00110 
28 .00099 -
12 .00091 
30 .01307 .00069 .00625 .00125 
25 .01888 .00060 
29 .01150 .00063 
29 .00220 .00030 
26 .00263 .00030 .00300 .00125 
23 .00450 .00024 .00050 
63 .00165 .00033 
45 .00178 .00025 
52 .00210 .00021 
43 .00158 .00023 .00117 
76 .00420 .00015 
43 .00353 .00019 
68 .00278 .00029 
75 .00223 .00010 
48 .00215 .00021 
58 .00110 .00003 
92 .00350 .00013 
49 .00310 .00015 

*Measurements determined metallographically by point intercept 
method at 800X. 



Group 

A 

Al 
8 

C 

D 

E 

F 
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N 

0 
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Q 

R 

s 
T 

u 

TABLE XIX 

PERCENT ALPHA AND ALPHA PARTICLE SIZE MEASUREMENTS* (INCHES) 
PHASE I, TASK B MICROSTP.UCTURAL STUDY 

Ti-6Al-6V-2Sn 

Al2ha Particle Size 
Elongated Blocky 

Equiaxed Alpha Alpha 
I Alpha Alpha Length Width Length Width 

15 .00055 

42 .00065 

33 .00057 

23 .00063 

24 .01025 .00053 .00155 

21 .00124 .01273 .00045 

23 .00150 .01380 .00048 

24 .00234 .00016 

25 .00034 .00311 .00025 

20 .00031 .00419 .00017 

60 .00095 .00009 

31 .00148 .00013 .00071 

46 .00190 .00010 

26 .00210 .00014 .00095 

64 .00118 .00013 

39 .00139 .00014 

49 .00129 .00013 

71 .00175 .00006 

45 .00211 .00008 .00068 

E7 .00098 .00006 

41 .00174 .00008 .00075 .00025 

39 .00238 .00013 .00098 .00041 

*Measurements determined metallographically 
method at eoox. by the point intercept 
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Group 

A 

Al 

A2 

B 

Bl 

B2 

C 

D 

E 

F 

G 

• 

TABLE XX 

PERCENT ALPHA AND ALPHA PARTICLE SIZE MEASUREMENTS* (INCHES) 
PHASE I, TASK B MICROSTRUCTURAL STUDY 

Ti-6Al-2Sn-4Zr-6Mo 

I Alpha 

11 

8 

10 

34 

32 

32 

47 

21 

49 

51 

47 

Equiaxed 
Alpha 

.00041 

.00031 

. 000 36 

.00040 

.00045 

.00046 

___ Alpha Particle Size 
Elon<Jated BJ ocky 

Alpha Alpha 
Length Width Length Width 

.00126 .00009 

.00086 .00009 .00035 

.00250 .00006 .00075 . 000 31 

.00140 .00009 .00053 

.00185 .00006 

*Measurements determined metallographically by point intercept 
method at eoox. 
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TABLE KXIV 

NOTCHED TENSILE (Kt• 3.9) PROPERTY SUMMARY 
PHASE I, TASK B MICROSTRUCTURAL STUDY 

Ti-6Al-4V 

NTS 
NTS GTs 

fffil-:- Max. Average Mln. Max. Average 
Group ksi ksi ksi 

A 231 235 233.2 1.49 1.53 1.51 
Al 224 235 231.5 1.57 1.62 1.58 
B 225 229 228.2 1.46 1.49 1.48 
C 233 235 23&.5 1.48 1. 56 1.51 
D 204 235 221.4 1. 33 1.56 1.47 
E 204 229 216.5 1.13 1.47 1.40 
F 221 231 226.2 1. 50 1.54 1.51 
G 225 233 227.9 1.48 1.52 1.50 
H 2~5 237 230.2 1.40 1. 58 1.47 
I 229 235 233.3 1.52 1.57 1.54 
J 230 235 231. 7 1.53 l. 58 1.56 
K 230 233 232.3 1.51 1.57 1.54 
L 230 234 231. 7 1.50 1.58 1.53 
M 230 234 232.6 1.53 1.56 1.53 
N 226 234 229.8 1.57 1.63 1.58 
0 229 241 232.2 1.47 1.64 1.53 
p 225 237 231.1 1.55 1.61 1. 56 
0 217 225 222.4 1.52 1.58 1.56 
R 223 234 229.8 1.47 1.57 1.51 
s 225 231 228.6 1.41 1.53 1.47 
T 219 231 224.9 1. 50 1.55 1.52 
u 223 229 226.7 1.43 1.56 1.49 

Low o2 A 219 230 224.2 1.48 1.67 1. 58 



• 

TABLE XXV 

NOTCHED TENSILE (Kt• l.9) PROPERTY SUMMARY 
PHASE I, TASK B MICROSTRUCTURAL STUDY 

Ti-6Al-6V-2Sn 

NTS 
NTS uff 

Min. Max. Average Mln. Ma1e. Average 
Group ksi ksi ksi - -

A 232 239 236.l 1.45 1.51 1.49 

Al 240 243 241.4 1.51 1.54 1.52 

B 241 241 241.1 1.44 1.50 1.46 

C 241 247 243.5 1.45 1.50 1.48 

D 229 241 237.1 1.52 1.55 1.52 

E 224 233 227.6 1.38 1.45 1.41 

F 228 234 231.8 1.41 1.45 1.42 

G 239 243 241.5 1.50 1.56 1.53 

H 238 249 245.0 1.47 1.53 1.50 

I 237 245 242.7 1.46 1.49 1.48 

J 240 249 243.9 1.49 1.53 1.52 

K 233 239 236.4 1.42 1.48 1.45 

L 236 246 241. 3 1.50 1.53 1.51 

M 231 237 234.0 1.44 1.50 1.46 

N 240 241 241.8 1.51 1.53 1.52 

, 0 234 243 238.9 1.44 l. 50 1.48 
p 235 245 237.9 1.45 1.50 1.47 

Q 229 233 230.7 1.48 1.52 1.49 

R 225 231 227.8 1.43 1. 49 1.45 

s 224 229 227.4 1.31 l. 3!: 1.32 

T 219 225 223.7 1.42 1.51 1.47 

u 231 235 233.4 1.45 1.48 1.47 



TABLE XXVI 

NOTCHED TENSILE (Kt• 3.9) PROPERTY SUMMARY 
PHASE I, TASK 8 MICROSTRIJr.'l'URAL STUDY 

Ti-§Al-2Sn-4Zr-6Mo 

NTS 
NTS UTS 

Min. Max. Average Min. Max. Average 
Group kai kai kai - -

A 231 255 246.6 1.37 1.44 .1. 40 

A-1 218 241 233.4 1.38 1.48 1.43 

A-2 221 237 231.7 1.43 1.57 1. 4 7 

B 225 257 242.2 1.23 1.42 1.33 

B-1 215 236 228.5 1.34 1.40 1. 39 

B-2 221 235 227.0 1.34 1.42 1.37 

C 219 253 240.4 1.27 1.42 1.36 

D 217 253 240.0 1.25 1.43 1.36 

E 217 255 241.5 1.33 1.47 1.40 

F 202 249 230.1 1.13 1.41 1.29 

G 191 237 219.7 1.13 1. 36 1.26 



TABLE XXVII 

SUMMARY HCF DATA - MICROSTRUCTURAL STUDY 
FATIGUE STRENGTH (KSI) FOR INDICATED CYCLES 

SEE FIGURES 30 AND :!l FOR PROCESSING 

Cycles 

Smooth Bar Notched Bar Kt =- 3. 0 

Alloy Condition 10" 10!> 10 6 10 7 10" 10 5 10 6 10 7 - -
Endurance Limit - KSI 

Ti-6Al-6V-2Sn A 1. 4fi JOA qq q7 64 41 37 36 
A·-1 136 122 110 94 58 38 34 33 

B 137 124 111 97 65 41 36 3S 
C 145 126 109 92 62 41 37 36 
D 134 98 90 87 65 40 39 38 

E 121 104 78 <75 45 35 34 34 
F • 126 10·3 80 <75 56 38 35 34 
G 120 96 87 84 59 42 35 3] 
H 134 106 91 83 60 · 44 41 40 
I 128 105 98 91 64 44 39 38 

J 116 96 90 89 65 4J 35 34 
K 120 95 90 89 66 38 33 32 
L 128 108 100 98 61 44 41 40 
\i 137 105 93 91 62 42 37 34 
N 122 113 104 94 64 38 34 ] 2 

0 126 115 105 94 65 41 38 37 
p 60 42 38 36 
Q 116 102 100 99 65 40 32 29 
R 113 10 1 100 100 64 41 37 36 
s 136 102 97 96 66 44 38 36 

'I' 125 103 96 93 63 43 38 36 
u J 22 99 95 94 62 40 36 35 

Ti-6Al-4V A 105 87 8J 78 66 43 36 31 
A-1 106 91 86 84 69 43 38 37 

B 112 94 82 71 64 41 35 32 
C 117 95 88 85 69 45 31 30 
D 129 88 84 80 66 42 33 32 

E 114 90 78 74 68 40 32 31 
F 126 98 84 78 65 40 35 34 
G 108 91 85 84 70 43 34 33 
H 114 86 78 76 69 45 36 34 
I 104 91 89 88 70 43 38 38 
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TABLE XXVII CONTINUED 

Cycles 

Smooth Bar Not(;hec.l Bar Kt = 3.0 

Alloy Condition 10" 10 5 !Of, 10 7 10 ,, 1 0 ~ JO,, J 0 / - -
Endurance Limit - J<SI 

Ti-6Al-4V, J 103 89 85 84 68 42 34 32 Continued K 106 92 89 85 66 43 35 31 
L 117 104 86 72 70 43 33 30 
M 116 92 82 77 64 42 34 29 
N 103 89 82 76 68 43 36 35 

0 J.26 92 82 76 6G 42 17 , r_:; 
p 119 96 91 90 G5 40 1 r 

l _1 1 
I J 

'J 115 95 87 82 (, 8 4J 33 32 
R 106 91 88 88 68 42 29 27 
s l.l4 94 86 85 70 42 11 

.l' 32 

T 106 90 87 86 67 4 3 3S A 
u 101 92 88 87 64 41 36 35 

Low 02 101 94 91 90 68 39 32 31 

Ti 
Ti-6Al-2Sn-4Zr-6Mo i\ 119 99 94 90 G8 4(, 38 3 ) 

A-1 120 98 92 90 G7 50 4r: 42 
A-2 67 43 17 H, 

B 121 102 9 ') 98 66 4H 4J 38 
B-1 120 99 92 90 6 ::i 47 43 4J 

13-2 124 100 92 90 6 1 4 ::i 40 38 
C .l25 l::!O 115 109 ,; c, 44 4J 40 
D .Ll8 95 '.)l 90 70 56 4S 41 
E lll 94 91 90 65 46 42 40 
F 122 113 105 94 68 42 3 r 34 

G 119 101 99 98 70 44 40 38 



TABLE XXVIII 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 30 FOR PROCESSING 

Serial KIC Average 
Condition Number (KSI /in) KIC 

Ti-6Al-4V 

A 2-24-1 68.0 
2-24-2 73.l 69.4 
2-25-1 67.l 

A-1 2-17-1 71.5 
2-17-2 70.6 69.l 
2-18-1 65.2 

B 2-168-1 56.9 
2-168-2 61.4 59.2 
2-169-1 59.8 

C 2-128-1 60.0 
2-128-2 52.6 57.7 
2-174-1 60.6 

D 2-70-2 87.7 87.0 2-77-1 86.3 

E 2-97-1 10.6 
2-97-2 71.2 69.9 
2-98-1 68.l 

F 2-156-1 75.8 
2-156-2 76.0 75.4 
2-157-1 74.5 

G 2-52-1 75.7 
2-52-2 79.5 79.9 
2-61-1 84.7 

H 2-73-1 63.9 
2-73-2 75.2 69.3 
2-74-1 68.9 



TABLE XXVIII, CONTINUED 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 30 FOR PROCESSING 

Serial KIC Average 
Condition Number (KSI lfn) KIC 

Ti-6Al-4V, Continued 

I 2-149-1 70.6 
2-149-2 71.1 68.7 
2-150-1 64.6 

J 2-80-1 87.6 
2-80-2 91.0 86.3 
2-8s-1 80.3 

K 2-95-1 79.0 
2-95-2 85.s 81.5 
2-96-1 80.5 

L 2-104-1 71.9 
2-104-2 79.S 75.5 
2-101-1 75.1 

M 2-119-1 80.4 
2-119-2 77.7 78.0 
2-120-1 76.0 

N 2-43-1 75.9 
2-43-2 83.4 79.6 
2-44-1 80.5 

0 2-56-1 67.4 
2-56-2 78.0 73.0 
2-63-1 73.8 

p 2-83-1 69.7 
2-83-2 74.9 73.4 
2-84-1 76.1 

Q 2-137-1 74.4 
2-137-2 71.l 73.3 () 2-138-1 74.5 
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TABLE XXVIII, CONTINUED 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 30 FOR PROCESSING 

Serial KIC Average 
Condition Number (KSI /Tn) KIC 

Ti-6Al-4Vt Continued 

R 2-144-1 86.4 
2-144-2 86.4 86.l 
2-147-l 85.6 

s 2-161-l 61.6 
2-161-2 60.4 60.2 
2-162-l 58.8 

T 2-130-l 80.4 
2-130-2 77.l 78.0 
2-131-l 76.7 

u 2-164-1 86.4 
2-164-2 86.7 87.2 
2-165-l 88.6 

Ti-6Al-4V (Low o2) 

A 4-6-1 97.l 
4-6-2 104.8 103.0 
4-7 - l 107.l 

145 



TABLE XXIX 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 30 FOR PROCESSING 

Serial KIC Average 
Condition Number (KSI r'Tn) KIC 

Ti-6Al-6V-2Sn 

A 6-107-1 50.4 50.3 6-107-2 !">1.3 

A-1 6-100-1 49.4 48.7 6-100-2 48.l 

B 6-114-1 40.4 41.0 6-114-2 41.6 

C 6-121-1 42.4 42.2 6-121-2 42.0 

D 6-128-1 63.6 64.l 6-128-2 64.6 

E 6-135-1 56.4 
6-135-2 57.4 57.4 
6-136-2 58.5 

F 6-142-1 54.8 
6-142-2 56.0 54.8 
6-143-1 53.7 

G 6-149-1 65.4 
6-149-2 65.8 66.7 
6-150-1 69.0 

H 6-156-1 55.2 
6-156-2 55.0 54.9 
6-157-2 54.7 

I 6-163-l 54.3 
6-163-2 54.8 54.5 
6-164-1 54.4 



TABLE XXIX, CONTINUED 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FluURE 30 FOR PROCESSING 

Serial KIC Average 

Condition Nwnber (KSI 1 ln) KIC 

Ti-6AJ-6V-2Sn, Con inued 

J 6-16- 1 74. 6 
6-16- 2 84. 7 77.l 
6-17-1 71. 8 

K 6- 23 - 1 8 . 7 
72 . 6 

6-23- 2 76.6 

L 6-30-1 63 .3 
6-30-2 69.5 66.5 
6-31-1 66 .9 

M 6-37-1 66.5 
6-37-2 67.9 65.3 
6-38-1 61. 7 

N 6-79-1 64.4 
6-79-2 64.2 64.6 
6-80-1 65 .4 

0 6-86-1 60.8 
6-86-2 64.3 61. 5 
6-87-1 59.6 

p 6-93-1 56.7 
58.l 6-93-2 59 . 5 

0 6-44-1 71. 7 
6-14-2 69.7 70.5 
6-45-1 70.2 

R 6-51-1 70.7 72.1 6-51-2 73.6 

5 6-58-2 51. 8 51.8 6-58-1 Failed 

T 6-65-1 73.6 
71. 5 6-65-2 69.5 

u 6-72-1 69.3 
70.3 6-72-2 71.3 
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TABLE XXX 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 31 FOR PROCESSING 

Serial KIC Average 
Condition Number (KSI lrn) KIC 

Ti-6Al-2Sn-4Zr-6Mo 

A 8-7-1 30.4 
8-7-2 31.6 31.l 
8-7-3 31.3 

A-1 8-9-1 26.7 
8-9-2 28.5 27.9 
8-9-3 28.5 

A-2 8-11-2 Failed in PC* 
8-11-1 27.l 28.4 
8-11-3 29.7 

B 8-13-1 Failed in PC 
8-13-2 24.8 24.4 
8-13-3 24.0 

B-1 8-15-1 22.7 
8-15-2 24.9 23.8 
8-15-3 Failed in PC 

B-2 8-11-1 23.3 
8-17-2 Failed in PC 23.3 
8-17-3 Failed in PC 

C 8-19-1 40.5 
8-19-2 41.5 41.l 
8-19-3 42.3 

D 8-21-1 38.9 
8-21-2 36.4 37.4 
8-21-3 36.9 

E 8-23-1 43.6 
8-23-2 44.8 44.6 
8-23-2 45.8 

*Precracking 
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TABLE XXX, CONTINUED 

FRACTURE TOUGHNESS DATA - MICROSTRUCTURE STUDY 
SEE FIGURE 31 FOR PROCESSING 

Condition 

F 

G 

Serial 
Number 

Ti-6Al-2Sn-4Zr-6Mo, Continued 

8-25-1 31.6 
8-25-2 31.l 
8-25-3 37.6 

8-27-1 51.4 
8-27-2 52.7 
8-27-3 53.2 

149 

Average 
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'1'ABLE XXXI 

Median IOI C,cl• Fatigue Livef 
For Ti 6Al-4v and Ti 6A1-6v-2nn 1) 

Phale I, Talk B 

Ti 6Al-l1V Ti 6Al.-6V-2Sn 

Cycles To Cycles To Cycle• To Cycle• To 
Pinrint X 1/32" Crack Pinrlnt X 1/?,2" Crack 
10- x 10-3 Remark• Condition 10· x 10·3 Remark• 

3 Runoutl A 19.5 24.5 
> 100.0 

10.0 17.6 A (Iov ~) - - lot teated 
in Ti 662 

29.7 39.8 A-1 16.0 23.0 
20.3 28.5 B 35.5 41.0 
33.1 38.7 C 27.6 32.3 
17.0 23.0 D 7.0 10.6 
15.4 21.3 E 7·.l 11.6 
20.7 25.3 F 5.7 9.2 
116.2 57.6 G 6.4 9.4 
69.7 73.4 J( 4.5 10.4 
83.3 85.5 I 6.o 10.1, 
- - 4 Runoutl J 4.2 8.8 

> 100.0 
29.0 38.9 K 15.7 20.8 - - 3 Runoutl L 11.5 16.4 

> 100.0 
17.0 23.9 N 6.7 9.8 
73.6 83.2 • 6.i 11.2 
29.0 4o.o 0 8.8 14.5 
24.1 31.5 p 10.2 14.4 
8.3 17.0 Q 5.8 ll.O 

25.1 36.9 R 10.6 14~8 - - 3Runoutl s 10.7 15.0 

14.4 18.8 
, 100.0 

'T 6.7 10.0 
11.6 18.3 u 8.7 12.7 

(1) B5() Life Per Weibull Analpll 
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) _. 

Condition 

A 
A•l 
A-2 
B 
B-1 
B-2 
C 
D 
E , 
G 

TABLE XXXI, CONTINUED 

McdiOll I, ,.,, Cyc l• Jo'at igue u , •• 
For Tl uAl-28n-~Zr-6Molll 

Phooe I, T11■k I 

Cycles To Cycles to 

Pinpoi.nt l/'32" Crack 
X 10•3 X 10•3 Rearka 

16.0 20.1 
21.0 26.7 
22.9 28.3 
51.0 55.1 

- - 3 JlmlOlltl > 100.0 

22.9 26.5 
42.5 45.1 
26.4 29.9 
15.1 18.7 
10.3 15.5 
8.7 12.6 

(1) S,o Life Per Weibull Anal.Jal• 
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TABLE XXXV 

FORGING AND HEAT TREATIUG PROCEDURE 
Ti-6Al-4V 

"SOFT ALPHA INCLUSION" MATERIAL 

(See Figure 60 for Schematic Diagram of Processing) 

Serial 
~! umber 

3-2 - 3-4 

J-5 - 3-7 

Forge #1 

12" • 6 11 

Forge 
·remp. 
( o F) 

1775 

1775 

Forge #2 

6 11 
• 3" 

(closed 
die) 

156 

Forge 
Temp. 
(op) 

1775 

1900 

Heat Treatment 

13OO°F (2 hour s ) 
Air Cool 

l30O°F (2 hour s ) 
Air Cool 



TABLE XXXVI 

'rENSILE PROPERTIES OF Ti-6Al-4V DISC 
CONTAINING "SOFT ALPHA SEGREGATION" 

ANNEALED 1300°F (2 HOURS) A.C. 

0.2 % 
Y.S. U.T.S. i'J TS 

• Direction Condition (KSI) (KSI) El.% R.A. % NTS UTS 

Axial aB Forged with Inclusion 127.6 141.6 6.0 13.0 
II 125.0 138.0 10.0 20.9 
II l53.5 1.08 
" 166.9 1.21 

aB Forged No In·lusion 128.2 145.2 11.5 3J. 9 
II 135.6 149.2 12. 5 38.8 
II 2] l . 4 J.4 5 
II 223.9 L 55 

Tangential Forged with In c lusion 133.0 143. 6 J 4. 5 36. 3 
II 134.4 147. 0 J O. 5 30. 5 
II 22 4.7 L 56 
II 2 1 4. J 1.45 

.., Forged No In ·lus ion 13 7.8 J 50 . 0 J 4. O 36. 3 li.'. 
II l 3 5 . 8 14 7. - J 5. 0 40. 8 
II 225 .7 l. so 
II 228 . 9 J . 5 5 

Axial B Forge d with In ·l usi on 1 30 .4 1 4 3 . 2 1 0 . 0 J 7. 4 
II 12 4. 4 l 4 2 . J O. 0 19. 6 
II 212 . J I. 48 
II 2] 8 . J l. 53 

C Forged i~ o I nc l s i on J 2 4. 2 143 . 8 JO. 0 20 . 9 
II 1 30 .4 14 6 . 4 9 . 5 20 . 3 
II 2 J 8 . 5 L 52 
II 223 . 9 I • 5 3 

Tangential Forged wit.h In c lusion J 32 . 0 J 4 4. 8 8.5 l . 6 
II II 134. 6 14 9 . 2 8 . 5 l 5 . 2 

II 2 2 5 . 3 l. 50 
II 2 2 3 . 8 J . 5 0 

B Forged No l n ;lusion 132 .4 14 6 . 0 8 . 5 J 8. R 
II 132.0 14 (, , Q 8 . 0 J 7 . 4 
II 21 8. 9 l. 49 
II 229.6 1. 57 
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Condition 

aS Forged 
No Inclusion 

Inclusion 

8 Forged 
No Inclusion 

Inclusion 

TABLE XXXVII 

HIGH CYCLE FATIGUE 
Ti-6Al-4V 

CONTAINING "SOFT ALPHA" INCLUSION 

ANNEALED 1300°F( 2 ) A.C. 

Cycles 

Smooth Bar Notched Bar Kt= 3.0 

10~ 10 5 10 6 10 7 10~ 10 5 10 6 10 7 

132 95 85 82 62 41 33 31 

130 94 89 84 65 42 37 36 
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TABLE XXXVIII 

LCF DATA DISC ALPHA SEGREGATION 

Allay Condition 
Naclian Lite ~lex 10-3 
P1npcint 4'!" Crack Re•rkl 

Ti-64 Alpha-beta vitb Specialu tailed - no pinpoint or 1/32" crack 
inclu1ion 

Ti-64 Alpha-beta no 12.0 20.5 --inclu1ion 

Ti:64 Beta with 8.o 9.5 Not all 1pecimen1 had 
1nc1u1ion inclulion 

Ti-64 Beta no incluaian 8.5 u.5 --
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TABLE XXXIX 

FRACTURE TOUGHNESS DATA - PHASE II 
"SOFT ALPHA INCLUSIONS" Ti-6Al-4V DISC FORGINGS 

ANNEALED 1300°F (2 HOURS) A.C. 

Serial KIC Average 

Number Condition (KSI /In) KIC 

3-4-1 aB Forged with inclusions 58.5 58.6 
3-4-2 aB Forged with inclusions 58.8 

3-4-3 aB Forged no inclusions 57.2 56.2 
3-4-4 aB Forged - no inc lusions 55.2 

3-6-1 B Forged with inclusions 81.5 77.3 
3-6-2 B Forged with inclusions 73.l 

3-6-3 B Forged no inclusions 72.9 75.3 
3-6-4 B Forged no inclusions 77.7 
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Se rial 
Number 

7-1 7-8 

7-9 - 7-16 

7-17 - 7-24 

TABLE XL 

?ORGIN~ AND HEAT TREATING PROCEDURE 
Ti-6A1-6V-2Sn 

"BETA FLECK£D" MATERIAL 

Preforming Blocker Finish 
Temp. Temp. Temp. 
( o F) ( o F) (OF) Heat Treatment 

1650 1675 1675 1350 °F (2 hours) 
Air Cool 

1650 1850 1850 13 50 ° F (2 hours) 
Air Cool 

1500 1500 1500 13 50 ° F (2 ho urs) 
Air Cool 
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TABLE XLI 

TENSILE RESULTS 

Ti-6Al-6V-2Sn (" BETA FLECKED") FORGINGS 

ANNEALED 1350°F (2 HOURS) AIR COOLED 

SEE FIGURE 69 FOR TEST LOCATIONS 

0.2% 

Serial Forging Y.S. U.T.S. 
NTS 

Number Procedure (KSI) (KSI) El.\ R.A. \ NTS UTS 

-
7-1-17 A 132 . 4 146.4 14.5 43.l 

7-1-15 
219.5 1. 50 

7-6-3 145.8 159.8 16.0 45.0 
233.0 1.47 

7-6-5 
7-6-4 143.8 J 5 7. 2 1 •.1 • 0 44.4 

235.4 1. 49 

7-6-6 
7-6-9 136.8 l!j3. 2 14.0 37.6 

7-6-8 
231. 0 1.51 

7-7-13 130.0 143.4 15.0 40.1 

7-7-11 
231.0 1.61 

7- 9-17 8 134.0 151. 4 10.0 2 5. J 

7- 9-15 
22 J • O 1. 47 

7-14-3 137.4 155.8 13.0 29.2 

7-14-5 
202.3 l. 30 

7-14-4 136.4 154.2 12.0 25,9 

7-14-6 
223.4 J.45 

7-14-9 136.0 153 .4 11.0 2 3 . l 

7-14-8 
224.2 1.46 

7-15-13 135.0 151. 8 12.5 25.l 

7-15-11 
225.0 1.48 

7-J7-17 C 136.6 147.0 17.5 53.4 

7-17-15 
228.8 1. 55 

7-22-3 144.8 153.4 16.5 50 . 7 

7-22-5 
229.0 1.49 

7-22-4 144.4 152.4 17.0 49.0 

7-22-6 
227.4 1.49 

7-22-9 143.6 1'12.2 17.0 49.5 

7-22-8 
225,0 L48 

7-23-13 136.6 148.2 16.0 52.9 

7-23-11 
219.0 1. 48 

Forging Procedures 

Draw (or) Block (op) Finish {OF) 

A 1650 1675 1675 (Standard 

B 1650 1850 1850 (Beta) 

C 1500 1500 1500 (Very Lo 
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Serial 
Number 

7-6-1 
7-6-2 
7-7-3 

7-14-1 
7-14-2 
7-15-3 

7-22-1 
7-22-2 
7-23-3 

TABLE XLII 

FRACTURE TOUGHNESS DATA - PHASE II 
"BETA FLECKED" Ti-6Al-6V-2Sn 

ANNEALED 1350°F (2 HOURS) A.C. 

KIC 

Condition (KSI ✓In) 

Standard forged (1675°F) 74.5 
Standard forged (1675°F) 79.3 
Standard forged (.l675°F) 72.1 

forged (1850°F) 73.9 
forged (1850°F) 73.8 
forged (1850°F) 74.7 

Very low forged (1500°F) 58.1 
Very low forged (1500°F) 55.2 
Very low forged (1500°F) 55.7 
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Average 
KIC 

75.2 

74.1 

56.3 



TABLE XLIII 

HIGH CYCLE FATIGUE 
Ti-6Al-6V-2Sn 

"BETA FLECKED" MATERIAL 
ANNEALED 13So•r( 2 ) A.C. 

Cycles 

Smooth Bar Notched Bar Kt • 3.0 

Forge Practice 10 .. 10 5 10 6 10 7 10 .. 10 5 10 6 10 7 - -
Standard Forge 139 93 85 84 66 37 32 30 <1+8 (A) 

8 Forge (B) 134 94 86 85 60 42 41 40 

Low <1+8 Forge 130 109 93 89 SC 43 40 39 (C) 



Ti-66:? 

Ti-662 

Ti-662 

TABLE XLIV 

LCF PROPERTIES OF Ti-6Al-6V-2Sn 

AIR FRAME PART (BETA FLECKED MATERIAL) 

Standard forge 

Beta forge 

Low alpha-beta 
forge 

4.7 

4.2 

9.1 

9.5 

7.0 

17.0 

Deta flecks observed 

No beta flecks observed 

No beta flecks ohserved 

) 



APPENDIX A 

TEST SPECIMEN DRAWINGS 
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APPENDIX B 

STULEN FATIGUE SPECIMEN MACHINING PROCEDURE 
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STUinf MACHINE COMPANY 
Low Stress Grinding Metboda 

used in the 
Preparation ot Titanium Teat Specimens 

1. Saw to length, face and countersink, and identify. 

2. These specimens are machined in three cuts to .015 over final diameter. 

3. Threaded specimens - shoulders are finished round. 
Fatigue specimens - shoulders are rough ground to .005. 

4. Fatigue specimens ore contour grou.nd with a rough grind or .003. Grinder speed~ rpm, head stock speed 65() rpm, hydraulic horizontal feed 111 per 3 minutes. Grinding wheel used, GC - 120-P'J VE wheel - 411 diameter. Coolant is Veedol Afton 8 supplied by Getty Oil Company. 

5. Second contour grind is .002, procedure the same as Item 4. 

6. Third contour grind is .002, procedure the same as Item 4. 

?. The specimen is left .001 oversize for final polishing which is cocmiercial 400 grit. The final two polishes applied to the finol polishing ot the specimen is a Stulen Machine Company procedure which cannot be disclosed. 

8. · Grinding wheel used is A80-V2-BT 411 Diameter. 
Notch grinding in Feed -.0001 to .(X)()2 in/R••• + Spark out. 
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APPENuIX C 

PRATT AND WHITNEY AIRCRAFT REPORT ON LOW CYCLE FATIGUE 

PHASE I 
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Summary of Low Cycle Fatigue Testing 

of Titanium Alloy Forgings 

As Part of AF Contract F33615-71-C-1560 

Submitted to: 

Wyman Gordon Company 

Mr. R. B. Sparks 

Prepared By: 

D. L. Ruckle and M. P. Smith 

1 September 1973 



I. Introducti on 

The Pratt and Whitney Aircra ft Di vision of' United Aircra ft Corp:>reti on w·3s a 

subcontractor t o the 1ym11n Gordon Company to per f'o rm l ow cycle f at igue test ing 

of over 300 spec i mens f ro.n the Ti-6Al-4V, Ti - 6Al - V- 2Sn and Ti - 6Al-2Sn-1 Zr-6Mo 

alloys. There were 23 gr0ups of I'i - 6A1- L1V (Ti-61 ) sp!'!cim,ms , 22 g r oups f' Ti-

6Al-6V-2Sn (Ti-662 ) cmd 11 g r oups of Ti- 6Al- 2Sn- l.1Zr-6Mo (Ti - 6246) i n Phase I. 

I n Phase II, l. 0 specirr.ens wer e t es ted r epr esenting thr ee gr o,1ps o f -ri - 662 and 

four groups ot' Ti-6-1i . 

'.i'he fully mac hined sp-=ci m:ms were of the "hal f - bolthole" type wh i ch wer e t ested 

in strain controlle :l bendini as des cr i be:l i n Se-::tion II. These s p-=c im -= ns have 

been found to be ,er y sens itive i n disting1..1i shin i;:r t he l ow c cl e f at i g,Je capa ­

bility o f vari o~s micros t ~ 1ctur es and process i ng co~ditions. 

Metallographic examtnrttion of crack initiation and pr opsi;:ration mc :les and s t at i s­

tical analysis of t est d~ta were s up~l 'ed , 

II. Method of Procedure 

A. .!!:!!_ i ng 

Six specimens o f each gr ~rnl-' wer e r e eived fro;n the pr im= cont r a:::t or. Fi ve 

f rom each group were tested as r eq ired by t he ont r a t and the extra speci -

men wa :, reserved. fo :- selective test i n ss deemed necessary by the su1) ontractor. 

Four specimens of each group were r un wi t h the sur face in the "as-m'lc :1in-=d" 

condition ani inspected ~t periodic int ervals t o dete r mi ne l ives to pinpoint 

indication and 1/32" crack. One of t he fou r specimens was r epli cated with 

an a~~tate tape to veri fy t he cy-21ic li f e range t o pinpoi nt crack as deter­

mtned by "Wink Zyglo" techni que fo r t he remai ning t hr ee as -m'lchined spec i mens. 

The fifth specim~n of each group was electr opolished and et ched pr i or t o 

t~ating and was replicated at per i~iic interva l s o deter mine the ~oje of 
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crack initiation and growth. Specimen details, inspe~tion intervals and 

the electrop:>lishing technique are given in Appendix I . 

Specimens were tested in a bending m,:>de at l2 cpm :>ve!' a total strain ran €:e 

of 0- 0 . 9% for Ti -64 and 0-1.1% for Ti-662 and Ti -6211 6 . Subse~ue11t t0 :::om­

pletion of testing , all speclrn~ns w~re sp0t polis~ed to veri ~ that the ~lcr o­

st ructur e was correct a11d, when req_uired by variatio11s in results , micros 

wer e made tbr more i ntensive analysis. 

B. Data ~naly~ 

Raw f'ati ue data ( ple12.se re fer to Tabl es IV through I ) were analy zed 

y the We i bull method of statistical analysis (Tabl es I, TI and Ill) which i s 

useful in evaluating alternate m:1teriali:;, micro3tructures or f abricat ion 

methods. It should, however , be r eali zed that t he numbe r of' specim•:!ns in 

this sbdy, f'o r each variable te.;ted, is i nadequate to fully define the 

scatter and and alloN Jesi n minil'lI'JJnS to be establ i shed. For a small 

sample of a true p:>pulation, the median li fe which is determined i s onl y 

an estimrite of th~ true rank of the specim,ms tested. The medi an li f e 

(B50 l ife ) was used in this study for the l ife compar i sons shown i n Fi gures 

2 t hrough 5, This procedur e was previously utili zed in I£ F comparisons of 

vario·.1s titanlurn 11icrostrL1cture;, in another AFMI contract1 . 

III . ~ary and~,clusions 

The following conclus lo'."ls were r eached q fter evaluation of the Phase I test 

results. (Refer t:> Section IV for Discussion.) 

A. Crack initiation in three alloys investigated occurred at alp~a p~ase / matr i x 

interfaces , or, if coarse elongated primary alpha was present , across slip 

bands in the alpha. Crack growth o~curred preferei1tially along t he alph!:i 

phase interf aces. 
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B. Macr0-p;ta in slze is leJs significant than microstructt,:re in determlning 

1£F life o f the three alloys. 

c. Scatter in t Pst results was related t u t he am1;1nt o f plas t ic stra:!.n applied 

during bending . "i'he amxmt of' s ca t t er decr ear.ed <is plastic st rain inc r eased. 

D. Specimens which we r e all beta processed had the l owes t f a t i gue lives i n 

each alloy with t he ex~ept.io:1 of the q 1.enched an ·l a ri :-ieal ed Ti - 6~ group 

which had a ve r .1 h i gh UJ.:? ::iian fat i ue li 'e . 

E. The presence or co!lrse e l ongated " s pa_ hetti' alpha lower ed fatigue li fe 

severely in alpha - be ta pr ocess ed Ti-611 nni. J'i - 652 allo:rs. 

Tl f"t ft 
0 

F. The presence of g ra i n boundar y a l pha i n a lp:1a- be a pr o:::es s ed ' i - 61~ and Ti-662 

resulted i n good LCF l i.f'e for t he for m'.'! r alloy and a s l i ght r eduction in ~ F 

li fe for the latter; consequent ly no f irm LCF l if'e corre V:itio:i with the 

presence of' grain bnundar y alpr a a lone is ap srent f r 0:n t his s t udy . 

G. I n Ti-6246 , f or alpha- beta fo r g ings,the f a i gue l ife was hi gher at the 50% 

primary alpha level compared to the 10-20% prim'lry a l p:18 level, while in 

Ti-6~ and Ti-662 t he r evers e was t r ue . Th i s i s pr obabl y r e lated t o the 

sm!lller average alpha particle si ze and absenc e of r es ol vable matrix alpha in 

Ti-62L16 for the 5CP/o primary alpf1a co:-i ji ti on co:npared t o s l rnilar conditions 

f or t he othe r alloJs. 

H. Thermomechanical treatment (T~IT' ) cons i s t in of beta upsett i ng or blocking 

followed by alpha-beta fini s hing hE d a stro:.1g effect on fat igue life in 

Ti-6l-1 and Ti-6246 , but had l itt l e or no effect i n Ti - 662 . 'I'he LC F properties 

obtained could not be explai ned microstruct urally . I n general, hi gher 

al ha-beta finish temperatur e and a low am:)Unt of f ini s h reduct i on gave 

the best lives. 

I. In general, for Ti-64 and Ti-6246 , annealing af te:!" for ging gave better life 

than the STOA treatment . I n Ti-662 , the STOA treatment ave slight 

advantage over annealing . 
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IV. Results and Discuss i on 

Micruexamination of replicas f rom electropolished and etched speci mens r evealed 

that crack initiation o':!c:1rred at t he interface:, of the alp'1.a phase and the 

matrix rnlcrostructure in all alloys (Fi gure 1 ) . The cracks t ended to propagate 

pre.ferentially along t he alpha p1ase/m11trix inter f ace i n most conditions . 

Hoilever , when coarse and/or elongat ed. pr i m':l.ry alpha phase was present , t he 

e. Jvancing crack would also propagate across slip bands i n the alpha. Th is 

latter beha~ior i s especially prevalent in }roups D, E and F in Ti - 64 and Ti - 662 

which contai ned. t he "spaghetti " alpha phase, These r esults veri fy previous 

s t udies conducted by wells and Sulli van2 and others 3 , 8 have similar crack ini ­

tiation behavior was observed i n Ti-61; . 

The e f-r'ect of billet m11cro-grain si ze on the f ati g,ue li ves of the t hr ee allm s 

was not great (Fi gure 2 ) . There was a slight trend to increased fatigue li fe 

with the f iner grain si ze sp=c im~ns , nltho~gh mi.crostr~ctural vari ables 3ppearea 

t o affect the fatigue behavi or m~re st ro~gl y. For example, in t he Ti-662 alloy, 

t he microstructures cf t he coarse and f ine macrostruct ur e gr oups were very 

similar as were the m=d~ an livee of the two groups , although t ne fin: , rain 

size had a very slignt advantage in m: di an li f e over t he coarse grain si. ze 

group, Conversely, in the Ti-6246 alloy , the coarse m':l.cro-grain si ze group had 

a decided fatigue li f e increase over those specimens f rom f ine grain m'lterial. 

In this alloy, the rnicrostructural examination revealed that the fine 2; 1·ain si ze 

material contained resolvable secondary platelet alpha and a lower primary alpha 

content than coarse grain size material. Similar fatigue behavior was reported in an 

AFMI, atudyl which revealed that the presence of resolvable alpha caused a reduction 
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in f atigue l ife i n 'l'i - 246 and that incr eas ed pr im'l. r y al 1ia content r es ult i ng 

in a fi ne non-re s olva l e ma r ix pr ome> ed oo·l !'at ·•' P li 1·P. . 

I n the Ti - 611 alloy , hree sp':! im~n f r ups r pr sen in~, l'inr: . inte r in _d • ate and 

coarse bi llet gra in si rye wer e es ed . 'es . r e su l ·s f~ ivu r 2 ) showed that t he 

intermedi ate grain si ze sp L' i.m 2ni:; had n,!ar ·, a 3:1 inc r ease i n m~ .ian li fe 

over the coarse gr ain si zes e im ; ns wh ' J,-. f., ::ne r·ra in r.;i:~e sp d.rn::ms showed 

only a sli ght li l'e i n •.: r eas LW:, r , 1-· ec ,.1 rs ,..,. 7h • nn s i (' n1 • r os , 1 tur es of he 

three gr o"J.ps were siin'i lar, h,.1 • r nsi .0 ra 1J l e (' a ir: r in rJ a H 1,1as E·1countered i n 

the i nterm;;diate and fine &r ra i.n s • ;·~ .:w,,p . r·a r r-:·11 1 rie al lof_T raphi c examinatio:1 

of the i ndi vid a l spec · m;;n s r evea l d . tha • t .r1 sea er in !'in <: vra i n s ize 

mater i al cou l d be ex_ol aine by t. lle prr:s -:-1r· : :)t' r1 icr os r : c,I':'. ·1 ral inhomog-eneity 

in t he f'or m of beta 'Jandin '--' or " e a ne e,:•~ l" ureas j n m') • • c t: i r ens . The 

beta s t r acture present wo'..lld e:11 ._, lm,e • 1'":? a1 '.i ui i. ·,; •'~ne r al. The 

scatter in lives o the i nt er medi a ,' r ui n si ::c r o1 1p spe:· i ;ns . p'l r ticularly 

in two with ver y l o:i~ 1.i es , c 'J ld not l'e nxpl a.i r ":rl :ne:"la ll, ,,-ra hically . I t i s 

thus unc J.ea1· whether t h·· r S L lta'l lar. e in :ce rise l'or in e r me .Ji ate p-rs:L n si ze 

Ti - 61-1 is real or a r e "'L 1 or s o:nL: •1 r· 1o w1 ·:ari a1 ,. rre latio:1 s uch 

as di ffer ences in str n~r·h , ·l t ti l ' t:/ or .o ,. , nr-s~ ,: i li t'a ic:, ~ li ve s measured 

was apparent . 

I n general, scat t er ~as mJr e s ev r _ ~ othe r t wo alloys 

studied . The T ' - !1 allo i s c ns i <lr- r ed a l ow r s -~tv~.h , yt,r~r ia l lrnn Ti - 62 or 

Ti - 62l16 t hus tes tin wa s 
., 

arr i ed ou ai a s ra n ra 1,·E' ,1!· n-n. ', ,.;ni l e the Ti -

62!16 and Ti - 662 alloys were cyc l at - 1 . 1 ~. 7his was or der to qu a li ze 

the am Junt o f plastic strain applie 1ir in,;r 2 s in t.' 1· t h 

vious experience i:1 t es im' oi' r o:n1)1·e s s . r d i s t t'o r p- • s : as s own tha nea:cl y 

equivalent plas ic s rains we r·.:: a 11i .vr>d ;-.1 s i.rn.: Llr•; 1 Y✓ f! s t r ain ran~es r'or 
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the subject alloys. In the current stud,y, the strength differential between 

Ti-64 and the other alloys, especially Ti-662, was not as large as is normally 

expected. Therefore, the relative plastic strain was significantly less in 

Ti-64 than the other alloys resulting in a test where conditions approached 

those of high cycle fati gue and thus were more dependent on external variables 

such as surface finish, The median plastic strain in each alloy was measured 

from the lowest yield strength stress-strain curve for each condition and 

Weibull analysis for the data. The median plastic strain was 0 ,28% for •ri-64, 

0. 35% for Ti-6246 and O.l1l% for Ti-662. The amount of scatter during testing of 

each alloy was high for Ti-64 , moderate for Ti -62116 and low for Ti-662. Thus, 

the amount of scatter in U::F test results f or each alloy appears to be related 

to the plastic strain applitd, 

Phase I , Task B 

With one exception, the all-beta processed specim~ns had lower fatigue lives 

than alpha-beta !.Sroups in all t hree alloys ( Fi gures 3, 11 and 5). This I LCF 

debit due to beta processing agrees ,.,i th the results in a previous study by 

Sattar eta13 where the lowered I.C F crnck resistance was attributed to coarse 

elo~gated alpha and retained beta pla~.elets. The annealed f ine alpha platelet 
' ( ' ' .. 

micr.ostructure (water quenched condit :i on S in Ti-61 ,) exhibited a very high f atigue 

~- capability however. This behavior has also previously been reported ~y Lucas5 

and Henricks6 . 

In alpha-beta processed specimen groups, the presence of coarse elongated 

"spaghett i" alpha phase drastir.ally lowered U:: F li f e of the Ti-64 and Ti-662 

alloys. (This conditio~ was not tested in Ti-6246 . ) The resulting lives 

obtained were essentially equtvale~t to those for all beta pro~essed specime~s 

discussed above (Figures 3 and 4). The coarse alpha phase nucleated cracks 

readily and served a:'3 a rapid path for propagation and growth. This behavior 
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has been confirmed in previous work in this laboratory and reported by Sprague 

etal4. 

The presence of grain boundary alpha i n alpha-bet a processed Ti-61-1 and Ti-662 

groups did not give consistent results. I n t he Ti - 61-1 alloy , the specim•:ns with 

the grsin boundary- alp"la p~ase !lad hi gh median li v c! S for all heat treatments; 

while t he Ti - 662 specim,~n groups processed to cont ain the r ain boundary phase 

had l ow 1 i.ve s equal t o the Ti - 662 ·• s p9.ghett i " cont ain i n r oups . This behavior 

cannot be explained, alt hough cons iderabl y mor e s cat te r e xisted i n 'i'i-6!-1 wr..ere 

specimens tended t o have e i ther ver y hi h or ver y l o~ li ve s . Thi s m!y have 

resul ted f r om the di ffe r ences i n pl astic str ain dur i n~ s ing previou~ly dis-

cussed . The rain boundary alp~a p-iase was not co:nple ely cont inuous i n either 

alloy and there was epprox im.9.t ely 10-15ca bl ocky a l pha in a ver y fi ne m11t rix. 

The percent equiexed prim9ry alp-ia i n the alpha- beta pr o:::essed spec im,~ns off'ecte1i 

t he 1£: F li e of all alloys. I n Ti- 216 , s pecimens with 5 r pr i mary alpha and 

no opt i cally res 0lvabl e s econdary platel P.t alpha had hi her lives than specimens 

containJng 10- 20% pr imflr y alpha and r es ol vabl e pl atel et a1p:1a. This ag:;.-ees 

with previ ous data r epJ r ted by Ruckl e and Smith1 wher e the pr esence o f coarse 

platelet alpha deve loped dur ing COJlin appearej to dP. .::r eas e TJ:: F life comp!l.red 

to t hat o f structur es with a ver y fi ne al p"la ma.t r ix: . I n Ti - Li and Ti-662 the 

microst r uctur e co~ta ining 501o pr imar y alpha had l ow~r l ives than microstructur~s 

containing 10- 20% pr i mary alpha. This may be r e l at ed to t he larger alpha p!ir­

ti cle s i ze observed for Ti-64 and Ti - 662 specimens containi ng 50 o prim.3ry alp1:Hl 

compared t o t h.Jae f or Ti - 6246 . 

Theraiomechanical t reatm,~nt (TM!' ) in the form of beta upsett i ng or olocking 

following by alpha-beta fi nishin i,; i n t he temperat-..ire region of the alp~'i plus 

beta two-phas"! f ield had a s t rong effect on the f at igue l ife of t he Ti-6!➔ and 
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Ti-624C alloys. TMI' of the Ti-662 alloy did not improve its fatigue behavior 

and in most cases for Ti-662 lives of the TMT group13 were equivalent to those of 

all-beta pro~esaed groups an:i beloii those of t:ie alpha-beta processed groups 

with e1uif\xed primuy alpha. This is in contrast to the results for Ti-6-'-1 and 

Ti-6246 alloys where cer.;ain of the TMI' groups had better fatigue lives than 

the nor,n,':l.lly acce:,,-,table eq_11iaxed alpha groups. 

In 'l'i -·6246, TMI' groups C a11d D which were given a hi gh te::rrperature alp11a-beta 

finish (17~5 °F) reduction had an approxim9.tely 2:1 increase in median LC F 

life over TMI' gr0ups E and F finished it a lower t emperature (1625 °F) or alpha-

beta blocked and f inished group A which contained resolvable matri x alpha platelets. 

Alpha-beta groups B and B-1 which did not contain co::1rse alpha m9.trix platelets 

were. however, superior t o all other Ti-6246 ccndi tions. TMI' 3roups with sm.':!.11 

(10%) finish reductions ware superior to t hose with large (30 0) f i nish reduct i o~s. 

Quantitative m':!tallography rep::>rted by Wym':l.n Gordon (Tables 18 , 19 Draft Report) 

revealed that the Ti-6246 TMT specim':!ns with 30 o reduction had ,in alpha particle 

with a much higher asp-~~t (length/ width ) ratio than t hose with only 10% reduction. 

This may be rel~ted to the I.CF cap9.bility of the TMr m<iterials since alpha m::ir­

phology in general appears t o be related to LC F, however, t he structural complexity 

of ':i.'Ml' Ti-6246 precludes f irm conclusions based O'!'l. t he available data. The dif­

ferences in LCF capability observed could not be related strongl y t'.:> other 

mechanical properties such as yield strength, ductility of fracture toughness. 

The Ti-64 alloy respo~ded strongly to the TMT schedules used, particularly in 

the annealed co'!'l.dition (Figure 5 l Aain Ti-6246 , the lower f inish reductions 

resulted in higher lives, (STOA treating after processing equalized lives for 

the two amounts of finish reduction.) The sm!lller finish reductions again resulted 

in a lower aspect ratio alpha particle as rep~rted by Wyman Gordon (Dra f t Report , 

Table 20). Henricks6 has previously rep'.:>rte:i t ~at certain TMI' processing followed 
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by annealing increased the LC r li re o f PM3 l1 :?8 , alt~o'.lgri no expla,1atio:i or 
the phenom:!110111 .,.as o ffe red. 

Based on mi r os ructural evaluation the r eason fo r the i ncr as ed f'c1tigue c apa-

biljty cannot e explained . Anpsrently , t he 1£ r ehavior or T ·or i n ., s i s h i h-
l y s ens i ive to am::, nt and temp_rature or r erl ction, cool i n r a e , pos -

or e heat treatment and r es ulting a l p a phase/m~t r i x m::, r pholo·3· . il l O' f:' 

the hi ,h ~ti ,ue li t~ ap9 i li yo some o f t he T J'or invs i ~; of' e r s 
:it :i s unfor tunate that nor mall y ete r m·ned me han i al pr o er i e:, an i. r 0 -

s tru t ur appear to b i .s 1'fi ient to di s tingu is '1 t he .r F cap:ihi li ty r es ltin~ 

f r om sli?ht process var i ati ons. ~ r ther s udy o • pr c ss r epr odu .i hl i y and 

structural chara · t eris ti cs o r~ f or i ns appears t o be j sti ie . 

In i - an Ti- 2 , t ere was e str on t r end ·or reatly impr ov ed l'atigue 

li fe in f or ings whi ch were annealed only as oppos ed o t osew ic . wer OA 

a fter f or i n • ( Excep-: fo r spa h,~tt i a l pha specimens and s l ow cooled all 

'!:l e t a spe i ment:. ) However, i n Ti-. I , wi h norm3l oxy ,en content , ondi tions 

not fi t hi s pene r a l a tern, but no appar ent mi r os r L .t u· •:11 or 

f or h is 01l d be a ected . 
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TABLE I 

Median ww Cycle Fatigue Lives 
For All Alloys With Various Billet Grain Size1 

Phase I , Task A 

Cycles _i' () Cycles To 

Alloy 
Grain Pin~oint ..< 1/32" Crack 

Condition Size 10- x 10-3 Remarks 

'I'i-64 A Coarse l2.5 16 .0 
A Intermedi ate 30. 0 50.0 
A Fine 15.0 23.0 Banded micro-

structure 
Ti-662 A Coarse 10.0 13. 5 

A Fine 13.0 17.0 

A Coerse 1~1 .5 55 ,0 
A Fine ,32.0 35.0 

1 B50 Life Fer Weibull Analysis 
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TADU: II 

t-i•:cl Lcm Low Cycle FutiguE:: Li vel" ) 
For 'J' j 6.11-l V end Ti 6J\l- V-2...in 1 

Phu::; e I , Ta ·k l3 

Ti t1/11-4V 
Ti /l l -6V- 2Sn 

--
Cycles To Cy .ks To 

Cycles To Cycles To 

Pinpoint x 1/3?. " era k 
Pin3oint x 1/ 32" Crack 

10-3 X l.Q-3 Remar1rn Condj tion 10- x 10-3 Remu r Y. s 

3 Ru.nout s A 19.5 2l-1 .. 5 

> 100.0 
10.0 17.6 A (Low ~ ) -

Not tested 
in Ti 62 

29.7 39,8 /1 -1 16.0 23.b 

20.3 28.5 B 35. 5 li l.O 

33,l 38,7 C 2'7 ,6 32 ,3 

17.0 23.0 D 7, 0 10.6 

15.4 21.3 E 7.1 11.6 

20, 7 25,3 F 5.7 9.2 

116.2 57.6 G 6.li 9)1 

69.7 73.4 !I 4.5 10.4 

83,3 85.5 I 6.o 10. 4 

4 Runouts J 4.2 8.8 

> 100 .0 

29.0 38.9 K 15.7 20.8 

3 Runouts L 11.5 16.4 

> 100.0 

17.0 23.9 M 6.7 9.8 

73.6 83.2 N 6.1 11.2 

29.0 40.0 0 8. 8 14.5 

24.1 31.5 
p 10.2 14.4 

8.3 17. 0 Q. 5. 8 11.0 

25.1 36.9 R 10. 6 111.8 

3 Ru.nouts s 10.7 15.0 

"> 100. 0 
11+. 11 18.8 T 6.7 10.0 

11.6 18.3 u 8.7 12. 7 

(1) B50 Ll.fc Per .eibull An~lysts 
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Condition 

A 
A-1 
A-2 
B 
B-1 
B-2 
C 
D 
E 
F 
G 

'I'/, ' !.i: I f I 

Mu] i., • ll I , . t: .1 e .I e .. ·a L.i 1:~1w l,,J '(CG 

For 'L i ,, , 1 _;,s1,- l1 ;,: r --G/,'io llJ 

Cyclrn To Cyclv:; tc 
Pinpo i ni 1/32 11 Cr :t(;k 
X l () - ) x l lJ -3 R n~r kG ---
16. 0 20 . l 
21. 0 26:7 
22 . 9 28.3 
51. 0 5) .1 

3 R t.1.1 0 ts 
22 . 9 26 , 5 
42 . 5 l15 . 1 
2G. li 29 . 9 
15 . l 18,7 
10 , 3 15 , 5 
8.7 12. 6 

(1 ) B50 Life Per We i bull Ana l ysis 

> 100 , 0 



Alloy Condition 

Ti-64 A 

Ti-ti4 A 

Ti-64 A 

Ti-662 A 

Ti-662 A 

Ti-6246 A 

Ti-6246 A 

TABI.E IV 

WYMAN-GORDON LOW CYCLE FATlGUE DATA 
PHASE I, TASK A, AS MACHINED SPECIMENS 

Cycles to Cycles to 
Grain Size Pinpoint X 10 3 1/32" Crack X l(i 3 

Fine 5.0 8 .o 

10. 0 15. 0 
52. 0 68 .o 

> 24. o 

Intermediate 20.0 27 ,0 
8.o 16.0 
9. 0 14 .o 

No Indication@ 80 .0 
No Indication@ 90.0 

Coarse 14.o 16.() 
10. 0 16 .0 
10. 0 12 .o 
16. 0 14. o 

Fine 12. C 14.o 
12.0 18 .0 
14 .o 18 .0 
13. 0 18 .0 

Coarse 10.0 13.0 
10,0 13. 0 
9 .0 13. 0 

10. 0 ll~ . O 
No Indication @ 20.0 

Fine 23. 0 24. 0 
12.0 13.0 
36.0 38.0 
18 .0 84 . o 

Coarse 26.0 30 .0 
5~ . ) 56.0 
81.0 86.o 
36.0 46 .o 
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Remarks 

Microstructural 
banding 
" " 
No BRndi ng Det ected 
Discontinued Test 
No Banding ~. tected 

Beta Flecks Detected 
No Beta Flecks 
No Beta Flecks 
No Beta Flecks 
Discontinued Test -
No Beta Flecks 
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Condition 

A 

A-1 

A-2 

B 

B-1 

B-2 

C 

D 

TABLE VI 

WYMAN-GORDON LOw CYCLE FATIGUE DATA 
PHASE I , TASK B, AS MACHINED SPF.CIME~ 

Ti-6Al-2Sn-4Zr-6Mo 

Cycles to _
3 

Cycles to 
1/32" Crack X 10-3 Pinpoint X 10 

13 . 0 
13. 0 
17 .o 
21. 0 

13.0 
l L. 0 
27 . 0 
3 J•o 

14 . 0 
23. 0 
33. 0 

'3 . 0 

36.0 
l13 . 0 
52. 0 
No Indications @ 76.o 
No Indications @ 80 . 0 

No Indications @ 80 . 0 
No Indications @ So .a 
No Indicati ons @ 70.0 

1G.o 
18 . 0 
22 . 0 
24 . 0 

15.0 
25.0 
30 . 0 
3 .o 

1 .o 
2 .o 
Lio . o 

39. 6 
l 7 . O 
56 . 0 

21.0 26 . 0 
No Indications @ 76.o 

17. 0 
18. 0 
19.0 
1,1. 0 

23.0 
27.0 
1,s.o 
No Indications@ 80 .0 
No Indications@ 76.o 

11.0 
16.0 
29.0 
No Indications @ 76.o 
No Indications@ 80.0 

21.0 
2i...o 
20.0 
1. 3.0 

28 .0 
29.0 
52.0 

14 .o 
21.0 
31.0 
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Crack started ir. machining mark 



TABLE VI (cont.) 

Cycles to Cycle& to 
Condition Pinpoint X 10-3 1/32" Crack X 10-3 Remark• 

E 9.0 13.0 
11.0 15.0 
19 .0 23 .0 
23.0 24.0 

r' 5. 0 10.0 
6.o 12. 0 

12.0 17 . 0 
23 . 0 211 .o 

G 5. 0 B.o 
6.o 10. 0 
.o 12.0 

17. 0 22.0 
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Titanium IC F Summary 

Append ix I 

pe im2n Type --1· 0.495 ~ 

r achi ni n 

'T I I i 1,250 

2.50 

I 

I 

I 
_J_ _ _ ___ _ 

0.300 

r ocedur e for u r face of Ti taniurn LCF ,)pecimens 

l. Ha l 7 l " iam'-' e r , to 1:- drilled at 112 rpm . 0'J '. " eed . 

2. r e a l e 'r om r) . 1, 3 " t o 0 .1-52" diam~ter , usin or in~ t ool a 112 rpm , 

. Ou11 eed. 

3. Bore hole fr ::,m 0 . · '.i2" t o 0 . 49l1" diamete r 1.rnin'-! -::i r i ng to-::i l a 112 rpm, 

. 0 '.) eed. 

4 .. emi - f lnis h bore wi t h boring tool to 0 .l, li" di ameter at 1 50 rpm 0 . 0'.)2 f eed. 

5 . Finish bore to 0 . 508" diameter at l 50 rpm 0 . 002 eed . 

Hone at ~25 rpm 10 psi pressure 80 s t rokes usin . H U- s t one . 

s e AC 252 broachin oil. uttin oil for above operat ions. 

Rem::,ve burrs on holes; 0 . OC>05 - 0 . 010' x l 5° '-ham. maximwn is permi ssi l e 

on holes. 

Butter f ly polish using 320 grit em~ry cloth, 1500 rpm. 

B. Electropolishing Procedure for Gage Area o f U::F Bendi ng pecimen 

1. Mask all areas not to bt: polished wl th stop-off laquer. 

2. Clean area to be polished with acetone. 
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3. Place stainless steel beaker in shallow tray containing dry ice and 

acetone and place tray on hot plate with magnetic sti ... ring device. 

Place m~gnetic stirring rod in beaker. 

11. Add the following ingredients stirring slo·wly. 58 ml Butanol 

93 ml Methanol 

J\l lo~ to cool to 32 JF and slowly add 13 ml per chloric acid whi l e atirring . 

') . f\ t'te r mi xtur e has r e cooled to 32° F suspend spec imen into solutio:1 with 

an alli atc1· clip and conner.t to the ano::l.e of a DC power supply . Connect 

cathode wire to beaker. 

El ectr opol i sh &t 35V for 2-3 minutes wh i le sti rr i n , rinse wit h water and 

etch with Kr oll's reagent. Strip laquer with acet one. Specim~n is now 

ready to test. 

nspection Schedu l e 

1. s m:,c hined - inspect eve ry 100:) cycles with Zyg lo ·mtil pinpoint injicatio-:1 

occu!'s. Replicate one specimen evP.ry 1000 cyc les for 10,0:)0 cycles t o 

ob ain crsck growth . Zyglo rem'iining specim,;ns and re~orcl cycles to 1/6!1 ", 

1/3?.", 1/16" and 1/8" crack. 

2. Electropolished - replicate every 10:)0 cycles to 10 ,0:):) cycles, then every 

20:)J cycles thereafter until cracks are detected. 
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APPE NDI X D 

PRATT A,\Ju WIII 'l'Nt Y AIRCRAFT REPORT ON LOW CYCLt FATIGUE 

PHASE II 
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Summary of ww Cycle Fatigue 
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Phase II Supplement 

Submitted to: 

Wyman-Gordon Company 
Mr. R. B. Sparks 

Prepared By : 

D. L. Ruckle and M. P. Smith 
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I. Introduction 

Phace 1 of the prog::-am involved the t cstlng of over 300 I.CF specimens of the 

Ti-6/\l-l1V (Ti - l ) , Ti-6/\l-6V-2: n. (Ti - G 2 ) and Ti-GA1-2 ..., n-l1Zr- Mo (Ti - 621, G) 

alloys process ed by 31 diff'cr 0nt for r i n /heat treat condi.tions . 

Phase lT consisted of LCF t esting l10 spc ci me s or t he Ti - l1 and Ti-6G2 allo/S 

processed to contrd.n mic r ost r uc ural ' nor mali ti s 'n ount r d as a res t lt of 

improper pr o ssin or me l tin of t il alloys. The Ti - 2 sp cimens were tak n 

trom stru t r al or in s similar to thos _ pr od c ' in Phas I , howev r , Phas e 1I 

for g in s wer e mad r om bi !.l t con a · ni n- " ' t ·1 ks" and pro ss e<l at 

three d.i fferent temperatures. Ti-6l1 specimens in JJ ase Il contained ar eas 

of simul ated "sof t a lpha " incl sions i n oth eta and alpha-beta processed 

conditi ons. : • -611 !'J.isk ·or in 6 wer s ed in Phas I t o na l e the "s oft 

alpha" inclus i on to e inc-orporated i. n t he section. 

II. Method o f Proc edur e 

Test spec imens , test proced •r es , Jns p ct i on mt ods and data anal s es wer e 

conducted as des r i bed in the P ase T r eport. 

III. Summar y and onc l usions 

The following conclusions apply to the Ti-662 alloy a."ter eval uatin Phase II 

resu]ts: 

A. "Beta flecks" were visually o s erved in s Ui.ndn r d fo r , d materi al, but wer e 

indistinguis hable f rom the bulk mlcrostru ture in r.eta pr ocess d or l ow 

alpha-beta processed specimens. 

B. Multiple crack i.nitiation in the standllrd fo r ged specimens was obs erved in 

the beta fle ck areas. Crack initiation in all conditions occurred at 

alpha phase/matrix interfnces. 

C. Overall median lives were lower t.hon compora 1 • hos I p-roups similurly 

processed. 
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D. Groups in order of incr easing median lives were beta, standard practice 

end l ow alpha-beta. 

The following conclusions apply t o the Ti-64 alloy after evaluat i ng Phose II 

results: 

A. Not all specimens whl ch wer e to contain the "soft al pha" de fects r:lid in 

fact onta in them and cr ack i nit iat i on phot 0 r ap s f r om el ect r opoli shed 

specimens were not obt ained. 

B. Alpha-beta spe tme s process ed with the "soft al pha" defect fai l ed abrupt ly 

without prior i nd i cat i ons. Lives were lower than for specimens without 

the defect. 

C. Beta processed spec imens with and without t he "sof t alpha" defect had t he 

same median lives due t o the f act t h9t the defects were either not pr esent 

in the specimens or were not in the center of the gage section. 

TV. Results and Discuss i on 

Metallographic examination of electropolished and etched Ti-662 specimens re­

vealed that crack initiation and propagation occur r ed, as reported in hase I, 

at alpha/matrix inter races for all forging condit i ons (Fi gure 1). The spec i mens 

with a beta or low alpha-beta finish were sinJ.lar in appearance t o comparable 

Phase I specimens while the standard forge practice specimens (10-2~ pr imary 

alpha) had multiple origins occurring at the beta flecks (Fi gur es 1 and 2 ) . 

Median lives for the three Ti-662 forging conditions WP. r e somewhat lower than 

for comparable Phase I conditions (compare standard practice with Gr oup A, low 

alpha-beta practice in the Group ~-1, and beta pract i ce with Group Q). Thi s 

may be attributable to the beta flecks present in the billet, even though not 

observed in two of the conditions. Alase II groups in order of increas i ng lives 

were beta, standard practice and low alpha-beta practice (Tat.le I ). The presence 
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of beta fl ck areos in the standor d alpha -beta spe imens i nf l icted a fai r ly 

severe debit when compared t o Ti -662 alpha -beta Epecim ns wi t hout the f'l -d:s, 

probaLly as a r esul t of t he tendency for cracks to ini tiat pr ef er entially i n 

coarse beta areas. 

Metallogr aphi examJnat ion of' lectr opoli. shed and et .hed 'I'i - Ii s ec imens 

with "soft alpha" de fee t r evealed t hat the defec s w r e in actual i.ty o 

- present i n t he el e t r opol i shed and etched specimens es ed . As a r esul t 

the crack i niti ation photo raphs (Fi ures 3 and I ) Lor r oups r eportedly with 

and without the defects show simila r results . Actual initi ation mode was as 

previously o s erved, i. e . , 1t alp!. a phase/mat r ix inter fu cs i n both al p! a­

beta and beta specimens. 

-L'he .remsinin three Ti - 61t al pha - beta specimens i n t he "defect r oup" actually 

contained t he soft alpha area in t:ie proper location . The results showed 

that t wo o r the specimE::i1s had failur e or i in s in th d f'ec • r ·1 · n (Fi 0
•• r e J) 

and each failed compl ete l y without pr ior indicat ion at 7o8 cyc l es and appr oxi ­

mately 10,000 cyc l es, respect ivel y . The r emaining specimen slipped d r in 

testing and was improperl.ycycl ed so that the appl ie stress was not normal to 

the bolt hole. The crack originated away from the soft alpha ar ea but pr opa ­

gated rapidl y to the de feet and failed along the soft al pha inter f ace ( Fi gure 6) . 

The alph&-beta groups without the de fect hn d median 1/32" liven in t he 20 , 000 

to 22,000 cycle range . Thi s is lower than the compar abl e Phase I roup A, 

possibly as a result of slower cooling rates from t he heavi er section di sk 

forging (Table I) compared to Phase I structural fo rgings. 

The beta processed groups had comparabl e lives in gr oups with ond without the 

soft alpha defects. In two of t he spec i mens which wer e to have conta ined defects, 

none could be detected, while the two that did contain defects hod them locat ed 
209 
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off center in the gage section in the lower at~ess region (Figures 7 and 8). 

Aa a result the defect containing specimen did not fail in t he soft alpha 

area. Test results for both beta groups were equivalent to the comparable 

Phase I group Q. Raw LCF data for individual specimens are given in Tables 

II through IV. 
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Alloy 

Ti-64 

Ti-64 

Ti,:64 

Ti-64 

Ti-662 

Ti-662 

Ti-662 

TABLE I 

Median Live■ for Wyman-Gordon U:F Specimens 

:Aiaae II 

Condition 
Median Life Cycle x 10-3 
Pinpoint 1/32" Crack Remarks 

Alpha-beta with 
inclusion 

Specimens failed - no pinpoint or 1/32" crack 

Alpha-beta no 
inclusion 

Beta with 
inclusion 

Beta no incluaion 

Standard forge 

Beta forge 

WW alpha-beta 
forge 

12.0 

8.0 

8.5 

4.7 

4.2 

9.1 

20.5 

11.5 

9.5 

1.0 

17.0 

Not all specimens had 
inclusion 

Beta flecksobserved 

No beta flecks observed 

No beta flecks observed 



TABLE II 

~lcdiun Low Cycle Fatigue Li vet'' 

( 
For Ti. 6111-liV and Ti 6Al-6V-2Sn 1) 

Phase I, Task B 

Ti 6!11-1 V Ti 6!11-6V-2Sn 

Cycl es To Cyc l es •ro Cycles To Cycles To 
Pi npoint x 1/ 3?. " Crack P1n301nt x 1/ 32" Cr ack 
10-3 x 10-3 Rema r ks Condi t ion 10- x 10-3 Remar ks 

3 Runoutn A 19.5 24 . 5 
> 100,0 

10.0 17.6 A (ww °'2) - Not tested 
in Ti 662 

29. 7 3<\ R A-1 16.0 23. 0 
20. 3 28 . 5 B 35 , 5 1,1. 0 
33.1 38 ,7 C 27.6 32,3 
17 , 0 23 .0 D 7.0 10.6 
15. 4 21.3 E 7.1 11.6 
20 ,7 25 , 3 F 5,7 9.2 
116 .2 57 ,6 G 6.l. 9.1~ 
69 ,7 73.L1 H 4.5 10. 4 
83.3 85, 5 I 6.o 10. 4 

4 Runouts J 4.2 8. 8 
> 100 .0 

29.0 38 ,9 K 15,7 20.8 
3 Runouts L 11. 5 16 . 4 
> 100.0 

17, 0 23 ,9 M 6, 7 9.8 
73,6 83 .2 N 6.1 11. 2 
29 .0 1.0 . 0 0 8.8 14. 5 
21.1 .1 31. 5 p 10.2 14, !1 

8 ,3 17.0 Q 5.8 ll .O 
25.1 36 , 9 R 10.6 111 .8 

3 Runout s s 10.7 15.0 
> 100, 0 

1!1 . 4 18 .8 • 'r 6.7 10.0 
11.6 18.3 u 8.7 12. 7 

(1) B50 Life Per Weibull Analys i s 
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TABLE II 

Low Cycle Fatigue Data for Wyloan-Gordon Specimens 

~aae II 

Inspection Cycles ~in Method Pinpoint "'"1•16 ... l-i 11--ffiE-1 ~3"""'2--1-7""1..,.6 .. "___,.m:.._ .... Identity Alloy Condition 

7-8-2-1 Ti-662 Beta fleck o-1.1i Zyglo 
Standard 

·1-8-2-2 
7-8-3-1 
7-S-3-2 
7-8- li-l 
'1-8-l.1-2 
7-8-1-2 
7-16-2-1 

7-16-2-2 
7-16-3-1 
7-16-3-2 
7-16-14-l 
7-16-11-2 

Forge 
Practice 

Ti-662 Beta fleck 0-1.1% 
Beta forge 
Practice 

Replica 
Zyglo 

7-16-1-2 Reu lea .... 7_.-2""':'4---~2---l------Ti---,6,-:,-62~-~--t-a_f_le_c_k_O ___ l_.l...,%_..;Z;.;.;;,yglo 

7-24-2-2 
t-24-3-1 
7-24-3-2 
7-24-4-1 
7-24-4-2 
7-24-1-2 

ww Alpha-
Beta F'orge 

Replica 

212 
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4,000 5,000 6,000 8,000 9,000 

22,000 24,000 28,000 30,000 32,000 
5,000 9,000 10,000 11,000 13,000 

Invalid Test - Edge Crack 
4,ooo 6,000 8,000 9,~00 9,000 
5,000 6,000 9,000 10,0)0 14,000 
4,ooo 
4,ooo 4,ooo 6,000 7,000 9,000 

5,000 
4,000 
4,000 
4,000 
5,000 
4,000 

14,000 

14,000 
8,000 
7,000 
8,000 
9,000 
6,000 

6,000 9,000 --- 14,000 
6,000 9,000 --- 12,000 

5,000 6,000 10,000 
4,000 l.1,000 5,000 7,000 
6,000 9,000 10,000 13,000 

16, 000 16,000 --- 19,000 

16,000 17,000 20,000 24,000 
10,000 12,000 14,000 15,000 
10,000 18,000 28,000 30,000 
12,000 17,000 19,000 20,000 
10,000 19,000 26,000 21,000 



TABLE III 

!Dw Cycle FAtigue Data for Wy1nan-Gordon Specimens 

Phase II 

Inspection _Cy._c_l_e_s ______________ .,.. 

Identity Alloy Condition Strain Method Pinpoint lli£. 1/32" 1/16" !Z£'.: 

3-3-4-2 

3-4-3-1 
-4- -2 

'3-5-4-2 
-6- -2 

3-6-1-1 

3-6-1-2 
3-6-2-2 

Ti-64 

l 
Alpha-beta 
with 
inclusion 

Beta forge 0-0. v 

No inclusion l 

Zyglo 

l 

l 
Re lica 
Zyglo 

+ Replica 
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Invalid Test - Specimen slipped during 
test 

Ruptured at 7o8 cycles 
Ru tured at 10 000 c cles 
14,000 17,000 21,000 23,000 2 ,ooo 

8,000 
11 000 
10,000 

6,000 
10,000 

15,000 22,000 24,000 27,000 

11,000 12,000 15,000 19,000 

11,000 ,000 

8,000 9,000 11,000 19,000 

• 
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APPENDIX B 

MECHANICAL PROPERTY RATING SYSTEM 

In order to compare the various conditions (microstructures) 

within each alloy group, an arbitrary rating system was 

established. The mechanical property values of: 

ultimate tensile strength, reduction of area, fracture tough­

ness, notched tensile - unnotched tensile ratio, low cycle 

fatigue cycles to pinpoint and cyc le to 1/32" c rack and 
~ · 

notched high cycle fatigue stress for 10 7 cycle endurance 

limit were divided into four categories and assigned a point 

value of l - 4, low to high value respectively. For example, 

reduction of area was divided as follows: 

Point 
Value 

less than 20 % 1 

20 - 29.9% 2 

30 - 40 % 3 

greater than 40% 4 

Each property was similar ly divided and each condition of each 

alloy graded. The n a cumulative total was determined as an indi­

cation of ov~rall performance. The breakdown of the properties 

and point value i s shown in Table I of this Appendix. The individual 

scores are shown in Tables XXXII, XXXIII, and XXXIV of the text. 
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Those tables shou~d be useful in selecting the type of processing 

to be us ed for the particular mechanical propert~ desired. The 

total score can be ~0mpared within alloy systems, but not between 

dif f erent alloys as similar heat treatments were not used and 

testin conditions were t th same for all allo~·s. For example, 

the 6- 6-2 and 6-2-4- 6 lloys were tested in low cyc le fatigue at 

0-1.1 % E , whereas the 6-4 allo, was tested at 0-0.9 % E. The 

evalu tion o f th 6-2-4-6 alloy included the STA condition, the 

-4 6- 6-2 v - luatio id not, but within a articular alloy 

roup the comparative ratings of the condition tested should be 

hel pful in hoosin the desired p rocessi ng . See Table XIV for 

me c hani c al property ratin Phase , T~sk A, Macrostructure 

Study. See Tables XXXII and XXXIII f or me chanical property 

rating Phase I, Task B, 1icrostructural Study, Ti-6Al-4V and 

Ti-6Al-6V-2Sn, res pectively. 
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MECHANICAL PROPERTY RATING SYSTEM 

Property 

Not c hed Hig h Cyc l e Fatigue 

Str ss for 10 7 cyc l e Life 

Low Cy 

Cyc l es t o 1/ 32~ c rack 

Cy l e s t.o p inpoint 

Fracture Toughness 

KIC 

Ultimate Tensile t reng th 

226 

Test Result 

<30 ksi 

30-34 ksi 

35-40 ksi 

40 ksi 

20 ks ' 

20-39 ksi 

40-80 ksi 

>80 with R.O. ' s 

40 ks i /In 

40-59.9 

60-80 

80 

130-139 .. s i 

140-149 

150-160 

>160 

Point 
Value 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 



Point 
Property Test Result Value 

Reduct ion of Area 

<20 1 

20-29.9 2 

30-40 3 

>40 4 

otched Tensile Stren9th 

Ult imate Tensile St r ength 1.30 l 

1. 31-1. 40 2 

1. 41-1. 50 3 

>l. 50 4 
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IN:R00UCTI0N 

The Rockwell International Science Center was subcontracted by the 

Wyman-Gordon Company to perfonn thin foil transmission electron microscopy 

on 56 titaniu~ alloy samples under Air Force Contract #F33615-71-C-1560. 

The following were supplied by Uyman-Gordon in the form of one half of a 

fractured tensile specimen: 23 Ti-6Al-4V, 22 Ti-6Al-6V-2Sn, and 11 T1-6A1-

2Sn-4Zr-6Mo samples with var~ous forging and post forging treatments. The 

particular treatments of samples sent to us are those outlined in the 

"Microstructural Study 11 portion of the contract and are tabulated in Interim 

Technical Report IR-226-11 as Figures 16 and 17. In addition to those listed, 

we also received a low oxygen sample of Ti-6Al-4V in condition A. 

The Science Center's approach to microstructural characteriza t io~ was 

three-fold. First, all sa r.,ples \'1ere examined for general features and obvious 

variations thereof . Second, unusual features, whether artificial er real, were 

documented. Finally, quantitative or semi-quantitative data of specific micro­

structural features were obt~ined from selected samples in order to correlate 

microstructure to mechanical properties data. The thin foil electron microscopy 

results will be presented here according to these categories. 

EXPERIMENTAL 

Samp 1 es received by the Science Center were in the form of ha 1 f of a failed 

tensile specimen. A transverse slice 0.020 11 thick was cut from the grip end of 

each specimen at a position near the shoulder. The remaining section of the 

grip was sliced in half longitudinally. 

All samples were examined by light microscopy prior to thin foil trans­

mission electron microscopy. To accomplish this, the longitudinally-sliced 

section from the grip were mounted in epoxy and mechanically ground through 
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600 grit SiC. They were then electropolished for one minute at 40 volts (D.C.) 
in a methanolic solution containing 5% H2so4 and 1 .25% HF and etched. 

Thin foils for transmission electron microscopy were prepared from the 
.020" transverse slices by mechanically grinding to 1-2 mils followed by 

electropolishing at -40°C at a potential of 15 volts in a solution consisting 
of 300 pts. methanol, 175 pts butyl alcohol and 30 pts. perchloric acid using 
the window method. The thin foils \'1ere examined using a Philips EM300 equipped 

with a double tilt goniometer stage and a high resolution dark field device. 
Heating stage experiments were carried out with the Philips single tilt heating 

holder. 

RESULTS 

The results will be divided into three general topics. The first of these 
is designated Special Features and consists of those microstructural features 
which occur in some samples of all alloys. The second is labelled Micro­

structural Characterization and contains the individual observations of all 
fifty-six (56) specimens examined. The third cat~gory, Properties Correlation, 
is the cor~elation of quantitative or semi-quantitative results of selected 

microstructural features from selected specimens to mechanical properties. 

SPECIAL FEATURES 

This section is separated from the Microstructural Characterization 

section because the particular features described herein are frequently 

encountered in thin foil electron microscopy of titanium alloys and the micros­
copist must be able to recognize and properly identify them before proceeding 
with the characterization. Some of these features are thin foil artifacts 

while others are real; this section will document both types of features. 
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Spontaneous Transfonnation 

The first special feature is a thin foil artifact which occurs in the 

beta phase of titanium alloys. Figure 1 illustrates this effect, which has 

b~en tenned "spontaneous transfonnation" in an earlier corrmunication. (l) The 

beta phase appears to undergo a spontaneous shear process during thinni ng and 

the microstructure is typified by the linear structure seen in Fig. 1. Diffrac­

tion patterns from this structure frequently show streaking depending upon the 

degree of disto t ion of the bee lattice. Although the preci se nature of the 

shear is not known, it has not been investigated here since this effect is a 

thin foil artifact and thus does not bear any relationship to the structure of 

the bulk material. For the purpose of this report, it is sufficient to note 

that spontaneous transfonnation is easily recognizable by its twin-like morphology. 

Hydrides 

Hydrogen can be introduced into titanium alloys during processing or during 

thin foil preparation. In the latter case it is likely the hydrogen is pitked 

uo during mechanical thinning or during electropolishing. If hydrogen is 

introduced into the material during grinding or electropolishing, it will 

initially exist as a supersaturated solid solution. Removal of the metal during 

thinning reduces the volume of metal \'lhich contains the hydroger., thereby 

increasing the concentration. At some point the supersaturation can be relieved 

by nucleation of Ti hydrides. Such nucleation frequently occurs at a/Sinter­

faces as shown in Figure 2. The reason for the a/S interface acting as a 

preferred nucleation site is probably related to the high hydrogen solubility 

in the a phase relative to the a-phase. Such a situation can result in localized 

sites which contain high concentrations of hydrogen and which can reject hydrogen 

into the adjacent a-phase res•ilting in hydride formation. 

Because of the small size and relatively low scattering power of these 
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hydrides, it is difficult to obtain diffraction evidence to confirm that the 
plate-like features are hydrides. As a result, we have resorted to an alternate 
technique for identifying hydrides, namely a heating stage experiment; a typical 
result of which is depicted in Figure 3. This technique utilizes the strong 
temperature dependence of llydrogen so~ubility which leads to rapid dissolution 
of hydrides during heating. As shown in Figure 3a and b, the plate-like feature 
present at room temperature (3a) shrinks during heating, and eventually dis­
appears at - 220°C (3b). This observation confinns that the p1ate-like feature 
is Ti hydride since 220°C is consistent with the temperature range for dis­
solution of titanium hydride( 2) and si11ce there are no phases in the alloy·; 
studied here which would be unstable at 220°C. Hydrides are generall~, recog­
nizable by their thin platelet morphology, although, as will be discussed 
below, identification of all plate-like features as hydrides on the basis of 
their morphology can le~d to serious errors. 

a+B lnterfacP. Phase 

In ~•8 Ti alloys, the interface between these two phases generally con­
sists of .1 region containing a complex structure which 1s only resolvable by 
thin foil electron microscopy techniques. This comrlex interface structure 
is observed in all alloys examined and therefore can be treated as a general 
microstructural fefiture. Furthermore, this interface phase has been reported 
by others variously as a region of high dislocation density(J) or a hydrogen 
effect.( 4) Since we feel this phase is neither, some detailed clarification 
seems warranted. Typical examples of the interface phase are shown in Fig. 4. 
In this aspect the interface phase appears to be made up of a very finely 
divided structure. However, by tilting the thin foil to~ position where 
neither the a and 8 phases are near a strong diffracting condition, the inter­
phase can be seen to be a single, continuous phase, Fig. 5. 
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The interface phase is generally too narrow to produce complete or intense 

electron diffraction patterns. However, in one instance a nearly co~plete 

pattern was obtained, as illustrated in Fig. 6. The SAD pattern obtained is a 

basal zone of the a-phase and, as indicated by the dark field micrographs in 6b 

and 6c, originates from the interface phase. The existence of a distinct type 

of a phase in the interface region between the a and a phases is illustrated in 

Fig. 7 which contains a SAD pattern from the primary a-phase adjacent to the 

interface phase in Fig. 6. This diffraction pattern is 16° off a [0001] zone, 
a 

indicating that the a-phase in the interface has a different crystallographic 

orientation th~n the primary a . 

In all cases examined, the primary a and the a phases were oriented in 

the well-known Burgers orifntation relation, an example of which is shown in 

Fig. Ba and b. When the diffraction pattern includes the interface phase, it 

appears as in Be, where the extra, arced r~flections are from the interface 

phase. Note that these arced reflections do not superimpose on primary a 

reflections. The observations of Figs . 6, 7, and 8 lead to the conclusion 

that the interface phase is indeed a but that it has a different crystallographic 

orientation than the a phase to which it is adjacent. 

Aloha Lath Internal Structure 

The alpha laths which are present in these alloys sometimes contain an 

internal plate-like structure, Fig. 9. These internal plates occur in both 

Widmanstatten a and martcnsitic a . This structure is not present in all 

samples and tends to be more frequent in alloys with increa~ing amounts of 

a-stabilizing alloying additions. That is, it is more general in 6-2-4-6 

than in 6-6-2 where it is more frequent ' than in 6-4. Furthermore, the i nterna 1 

structure occurs more frequently in STOA samples than in annealed samples, 

implying that cooling rate influences the development of this ttructure. The 
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platelets are too thin to generate complete or intense electron diffraction 

patterns, consequently exact identification was not ac,omplished. The platelets 

do have an appearance that makes them reminiscent of the ~nterface phase which 

occurs between the alpha and beta phase~ as was described in the previous section. 

In fact, with proper tilting, they can be shown to consist of an apparent strip 

of beta phase bounded by the interface phase, Fig. 10. The beta strip has not 

been positively identified by SAD but it has been observed to be continuous 

with the known beta lamellae which exists between alpha laths; this str~ngly 

suggests that the internal plates are B-phase. 

These platelets might be mistakenly identified as hydrides as discussed 

earlier but they clearly are not since the structures persist when heated to 

700°C while hydrides do not. Also, these platelets have a general mottled 

appearance, hydrides have a continuous or monolithic appearance. Further, 

these platelets can be tilted to show that they consist of a central phase 

bounded by an interface structure, whereas hydrides do not exhibit this 

appearance under any contrast conditions. 

The origin or mechanism of fonnation of _the beta platelets within the 

alpha laths is not clear at present but has not been pursued as part of the 

present program. 

MICROSTRUCTURAL CHARACTERIZATION 

In this section the TEM observations of each of the 56 specimens will 

be presented. The results will he broken down by alloy. The forging and 

post-forging treatments for each of the alloys examined are listed ~n Table~ 

I, 11 and III. The samples will hereafter be referred to only by their code 

letters and no further description of treatments will be given in the text. 

No light micrographs will be presented in the results inasmuch as light 

microscopy was perfonned by Wyman-Gordon. 
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Ti-6Al-4V 

Condition A. Figure 11 is a low magnification electron micrograph 

illustrating the interface area between a spherical primary a pa,·: icle, 

Widmanstatten a laths and lame11ar e-phase regions. The s lamellae separate 

the a laths from each other and from the primary a. The interface phase (see 

Special Features section) is always present in the a/8 interfaces. 

The a-phase regions are free of any a-phase precipitation. The primary a 

particles show a moderate dislocation dens i ty, some of which exist in networks 

indicating some degree of recovery. The Widmanstatten a laths also show a low 

dislocation density with few or no networks. 

Condition A, Low o2. The most striking difference between this sample 

and the previous one is the difference in size of the Widmanstatten a laths. 

In this case they are about 1/2 the width of those in Treatment A, normal o2, 

as illustrated in Fig. 12. The laths also have a higher dislocation density 

than those in the previous sample. While the difference in oxygen level may 

influence the microstructure, it is not likely that the small difference in 

oxygen can account for such extensive variations. Thus the observed chang,~ 

suggest that there were also processing variations between these two Condition 

A specimens or that the tensile ~amples were taken from different locations in 

the forging. 

C~ndition B. This sample contains a large fraction of martensitic a. 

The tempered martensite is shown in Fig. 13. Regions of retained 8-phase also 

are present between the martensite laths with the interface phase present 

between the a ands phases, Fig. 14. The spherical primary a particles have a 

moderate dislocation density, a portion of which are contained in networks. 

The l~ths of tempered martensitic a show a low dislocation density. 
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Condition C. This sample exhibits Widmanstatten a rather than the 
martensite structure expected for a specimen water quenched off the forging 
press with an 1800°F finish temperature. This result may reflect ither the 
position in the forging from which the tensile specimen was taken or a quench 
delay during quenching off the press. The microstructure consists of Widman­
statten a laths separated by retained a regions and interfa~e phase in the a/a 
interfaces. The primary a shows dislocation networks as well as individual 
dislocations. 

Condition Al. There is little difference between the microstructural 
features of this sample and those in Condition A {with the exception, of 
course, of the difference in amounts of primary a). This sample shows a few 
of the internal platelets in the a laths {see Special Features section) whereas 
Condition A did not. 

Condition D. The microstructure of this sample consists of spaghetti a, 

elongated primary a, Widmanstatten a, 8 lamellae and interface phase. The 
spaghetti alpha particles have a high dislocation density, Fig. 15, while the 
remaining primary a and Widmanstatten a particles show lower dislocation densities 

1iith some networks appearing in both, Figs. 16 and 17. This probably reflects 
the higher Al content of the spaghetti a and the attendant retardation in recovery 
and recrystallization rates. 

Condition E. The microstructural constituents present in this material 
are spaghetti a, elongated primary a, martensitic a, a-phase lamellae, e-phase 
precipitates and interface phase. The larger a ~hase laths have a-phase pre­
cipitates within them, Fig. 18. The laths likely are those which formed 

durin~ the air cool from the press and when heated back up to 1750°F (where 
the equilibrium amount of a phase is less than at room temperature) equilibrate 
by the precipitation of e-phasc within the lath as well as at the lath boundary. 
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The dislocation densities in the primary and spaghetti a phases are similar to 

those observed in Condition D, the martensitic a laths have low dislocation 

density. 

Condition F. This sample does not have the expected martensitic a in the 

transformed regions. Instead there are larger, apparently Widmanstatten a, laths 

similar to Condition C which was also water quenched off the press. The micro­

structure is very similar to Condition D. 

Condition G. The grain bounddry a phase, much like the spaghetti a in 

the previous samp·1es, has a high di slocation density, probably for the same 

reasons as those cited above in c0nnection with the spaghetti a. The elongated 

primary a and the Wid~anstatten a show lower dislocation densities with some 

networks present. Retained a-phase occurs between a laths with the interface 

phase present. 

Condition H. The expected martensitic a phase is not present in this 

sample. The microstructure consis ts of elongated primary a, grain boundary a, 

~Jidmanstatten a , and a lamellac with interface phase. The elongated primary a 

particles have a moderately lo~, dislocation density, as do the Widmanstatten a 

laths. The lack of martensitic a is probably a result of the tensile sample 

coming from the interior of the forging. 

Condition I. Little or no martensitic a is evident in this sample, 

similar to results of Conditions C and F. The grain boundary a, as in Condition 

G, has a high dislocation density, Fig. 19. The elongated primary a and the 

lath a phases have a mode rate dislocation density. Lamellar retained s regions 

are present between a laths; the a/6 boundary contains the interface phase. 

Condition J_. The m·lcrostructure consists of elongated primary a laths, 

Widmanstatten a laths, a lamellae and interface phase in the a/a boundaries. 

The primary a and Widmanstatten a have a moderately low dislocation density 

239 



with a few networks present. The Widmanstatten a-phase also exhibits some 
internal plates (see Special Features section). 

Condition K. The sample contains ')me areas of martensite but most of 
the a-phase has formed by nucleation and growth. The microstructure consists 
mainly of elongated primary a , Widmanstatten a , a lamellae, a-phase precipitates 
and the interface phase. The dislocation densities a~e similar to those observed 
for Condition J. 

Condition L. Martensitic a , elongated pri mary a and B lamellae with inter­
face phase compose the microstructure of this sample. The primary a particles 
show extensive dislocation networks, the martensitic a laths show moderate 
dislocation density. 

Condition M. The sample consists of martensitic a, elongated primary a, 
a lamellae \'lith interface phase, and the internal plate structure within the 
a laths, Fig. 20. These features are rare, as indicated in the Special 
Features section. Dislocation densities are moderate in these a phases. 

Condition N, The most significant difference between this sample and 
Condition J is the much higher dislocdtion density, both in the primary alpha 
and the Widmanstatten alpha phases of this sample. 

Condition 0, There is very little difference in the microstructure of 
this sample and that of Condition K described above. 

Condition P. When compared to Condition L, this sample has higher dis­
location densities in the a phases. Also, the a-phase in this sample is 
orincipally Widmanstatten type, \'lith little or no martensitic a present. 

Condition Q. This sample consists of Widmanstatten a laths separated by 
a lamellae which contain the interface phase in the a/8 boundaries. There is 
a fairly high dislocation density in the a phase. 

Condition R. This sample contains martensitic a, elongated primary a, 
and a lamellae and in ·~erface phase. The primary a particles have a moderately 
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high dislocation density, while the martensitic a laths have a lower dislocation 
density. 

Condition S. The prior a regions in this sample consist of fine Widman­
st~tten rather than the martensitic a which might be expected in material 
quenched fron1 the press. Beta lamellae with interface phase separates these 
Widmanstatten a laths. Some of the larger laths contain a-phase precipitates 
similar to those seen in Condition E. Dislocation densities are moderately high 
in Widmanstatten a. 

Condition T. Occasional grain boundary a and Widmanstaiten a laths 
separated by a lamellae and interface phase comprise the microstructure of 
this sample. The dislocation densities in tha a phases are fairly high. 

Condition U. The microstructure consists of elongated primary a particles, 
Widmanst~tten a, a lamellae and interface phase (grain boundary a particles 
were not detected). The dislocation densities in the a phases are low. 

Ti-6Al-6V-2Sn 

Condition A. This microstructure consists of spherical primary a, 

Widmanstatten a, a lamellae and interface phase. The a-phase lamellae are 
0 fairly narrow (on the order of 1000 A) and do not contain any a precipitation. 

The dislocation density in the primary a is fairly high, Fig. 21, but moderately 
low in the Widmanst~tten a. 

Condition B. This sample has a microstructure consisting of martensitic 
a laths which contain a fine internal structure, along with a lamellae and 
spherical primary a. The unusual a structure is shown in Fig. 22. This 
structure is commonly observed in 6-2-4-6, but is infrequently seen in 6-6-2 
and has not been observ ~ at all in 6-4. As will be shown in the case of 
6-2-4-6, the a laths are apparently composed of fine particles belonging to 
several variants of the a/S orientation relation. The 6-phase does not contain 
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precipitation. 

Condition C. Very little martensitic is observed in this sample~ most 
of the transformed regions appear to ..,. si st of Widmanstatten a , The 8 lamellae 
which separate the Widmanst~tten are narrow and do not contain a-phase pre­
cipitates. Interface phase is present i n the /8 bo undaries. The disl ocation 
density in the spherical pri mary i s mode ra te and many netwcrks are present. 

Condition Al. The beta lamel'l ae between the Widmanstatten a laths are 
wider than in previous samples and tend to widen out near primary o particles, 
Fig. 23. In these broad regions of a-phase there has been precipitation of 
a phase . The interface phase is present between thee phase and primary a, 
or Widmanstatten , regardless of whether or not a phase has precipitated in 
thee phase. The dislocation density in the pri mary a is moderate with many 
networks formed. 

Condition D. The mi crostructure of t hi s sample consists of spaghetti a, 
Widmanstlttt<~n a , ~ lamellae and interface phase. The thicker e lamellae 
generally contain precipitated a-phase, Fig. 24, whereas the thine lamellae 
do not. The SAD pattern indicates that the a-phase which has p ·ecipitated 
in the e-phase does not follow the Burgers orientation relation. The spaghetti 
a has a moderately high dislocation density most of which have rearranged into 
networks, Fig. 25. 

Condition E. The martensitic laths in this condition contain a large 
number of internal plates (see Special Features section), Fig. 26. Thee 
lamellae tend to be broad but contain little or no a precipitation even in the 
broad areas between martensitic and primary a particles. The dislocation 
density both in the spaghetti a and primary a tends to be high. 

Condition F. This sample contains martensitic a as well as spaghetti a, 

elongated primary a and e lamellae with interface phase. The s-lamellae 
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between martensitic a laths are quite narrow and contain no a precipitation, but 

many of the wider 8 patches (near primary or spaghetti a particles) contain a 

precipitation. The dislocation density in the a phases is moderate. 

Condition G. Widmanstatten a, elongated primary a, grain boundary a, and 

a lamellae with interface phase are the constituents of the microstructure. The 

Widmanstatten a laths contain a large number of internal plates. The broader 

regions of a phase contain precipitated a-phase. The disiocation density in 

the primary a is moderate. Grain boundary a particles \':0 re not detected in the 

thin foils. 

Condition H. This microstructure cons~sts of martensitic a, elongated 

primary a, grain boundary , a lamellae and interface phase. The a lamellae 

are quite narrow, even in regions near primary a particles, and are free from 

a precipitation. The martensitic a laths contain little of the internal plate 

structure. The dislocation density in the primary a is high, a large fraction 

of which exists in networks, Fig. 27. Grain boundary a particles were not 

detected in the thin foils. 

Condition I. The sample contains martensitic a, elongated primary a, s 

lamellae and interface phase. A fe\'1 of the widest a lamellae have a precip­

itated within them, other\'lise the a-phase is untransformed. The dislocation 

density in the primary a is high. No grain boundary a was detected in the 

thin foils. 

CondHion J. Widmanstatten a, elonqated primary a, e lamellae and inter­

face phase are present in this sample. There is a precipitation in the wide 

portions of the 8 lamel ae. The dislocation density in the primary a is low, 

but somewhat higher in the Widmanstatten a. 

Condition K. The martensitic a laths contain a fine internal structure 

similar to that observed in Condition B. Many of the smaller elongated primary 
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a particles contain the internal platelet structure. There is little or no a 

pr1~cipitation within the s phase. The interface phac;e h present between B 

and primary a particles. ·,· ~e dislocation density is moderate in the primary a. 

Condition L. )'he a phase in the transformed region is a mixture of 

martensitic a and Widmanst~tten The martensitic a laths r.ontain the fine 

internal structure si milar to that seen previously in Conditions Band K. The 

Widmanstatten a and some of the smaller elongated primary a particles contain 

the internal platelet structure. The s phase does not exhibit a-phase precip­

itation; the a/S interfaces contain the interface phase. The dislocation 

density in the primary a i~ fairly high. 

Condition M. This microstructure consists of martensitic a, elongated 

primary a , ands lamellae bounded by interface phase. As in the two previo~s 

samples, the martensitic a contains the fine internal structure. The s lamellae 

tend to be free fr~m a precipitate. The dislocation density in the primary a 

is moderate. 

Condition N. The most significant difference between this sample and 

Condition J is that here there is a higher dislocation density in the primary a. 

Condition 0. This sample is different from Condition Kin that here the 

martensitic a laths are relatively clean of the fine internal structure. Also, 

there is littl e internal platelet structure in the primary a particles. 

Condition P. This microstructure is quite similar to that of Condition L, 

except that the a-phase contains no internal platelet structure in Condition P. 

Also, a precipitation occasionally is seen within some of the wider areas of 

s phase. 

~ondition Q. This sample consists of WidmansUtten a laths separated by 

B lamellae anJ interface phase. The a laths contain a hig~ density of internal 

platelets. The dislocation density in the a phase is moderate. 
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Condition R. Elongated primary a, martensitic a, and S lamellae with 

interface phase comprise the microstructure of this sample. The martensitic 

laths contain the fine internal structure such as seen in Condition B. Some 

of the primary a particles contain internal platelets. The s phase sh~ws no 

a precipitation. The dislocation density in the primary a is low. 

Condition S. This microstructure consists of martensitic a laths separated 

by a lamellae with interface phase between the a and a. The a laths contain 

numerous internal platelets. The dislocation density in the a phase is low. 

Condition T. There is little grain boundary a in this sample. The 

Widmanstatten a laths are separated by untransformed a lamellae and interface 

phase. There are numerous internal platelet in the a laths. The dislocation 

density is moderate in the a phases. 

Condition U. This sample contains elongated primary a, martensitic a, 

and a lamellae with interface phase between the a and a. The a phase does 

not contain a precipitation. The martensitic a laths tend ti have the fine 

internal structure seen in previous samples such as Condition B. Many of the 

smaller elongated primary a particles contain the internal platelet structure. 

The dislocation density in the a phase is moderate. 

Ti-6Al-2Sn-4Zr-6Mo 

Condition A. This microstructure consists of spherical primary a (produced 

during the forging operation), elongated "secondary" a (produced during the 

post forge solut·ion treatment), and a transformed region of fine a laths 

(produced during the cool-down}, Fig. 28. The fine laths have an acicular 

morphology and contain a fine structure; their morphology and substructure 

make them distinct from the Widmanstatten a and they will thus be termed 

acicular a. Some of the secondary a particles contain internal platelets 

(see Special Features section). The dislocation density in the a phases is 

moderate. 
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Condition Al. Spherical primary a. acicular a. and 8 lamE:llae with inter­

face phase (see Special Features section) comprise the microstructure of this 

sample. Thee phase is free from a prn~ ipitation. The acicular a laths have 

numerous internal platelets. The dislocation density in the primary a is 

moderate. 

Condition A~. This structure is somewhat unusual in that the elongated. 

secondary a laths contain a fine structure which appears to consist of several 

variants of a phase. Fig. 29. The transformed 8 regions contain acicular a 

which is coarser than in Condition A. The s lamellae contain no a precipitate; 

the interface phase is present. 

Condition B. When compared to Condition A. this sample shows none of the 

elongated secondary a particles. Also. the acicular a laths in the transformed 

regions are larger than those in Condition A, Fig. 30. 

Condition Bl. The major difference between this sample ~nd Condition Al 

is that here the acicular a laths have the fine internal structure. Fig. 31. 

The fine structure is composed of more than one variant of a phase. as illus-

trated in Fig. 32. In Fig. 32a. the dark field image arises from a (lOiO) 
a 

reflection and portions of the lath can be seen to be in a strong diffracting 

orientation. while other portions are not. Similarly. in Fig. 32b. other 

portions of the lath are in a strongly diffracting orientation when a (lOil) a 

re flection is imaged. The accompanying diffraction pattern reveals that the 

(lOiO) and (lOil) reflections are from different variants. The s phase con-
a a 

tains no a precipitation. 

Condition B2. The acicular a contains a fine structure as described in 

the previous sample. The s phase does not exhibit evidence of a precipitation. 

The dislocation density in the spherical primary a is moderate. 
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Condition C. The microstructure consists of elongated primary a particles 

separated by transformed regions. In some areas the transfcnned region consists 

of fine acicular a plates separated bys phase. In other dreas the transformed 

region is a very fine mixture of a ands with such a high density of small 

particles that individual particles of either phase are very difficult to discern, 

Fig. 33. The a ands rhases do not follow th~ Burgers orientation relation. 

The primary a particles contain numerous internal platP.lets. 

Condition 0. This microstructure is very similar to Condition C with the 

exception that the rimary a particles in Condition D exhibit the internal 

platelet structure only to a 1 imi ted extent. 

Condition E. Elongated primary a particles separated by transformed 8 

regions comprise this sample. In some of the transformed regions there is a 

fine acicular a structure, \'1hile in others there is a very fine mixture of a 

ands. The major difference between this sample and Condition C is the lack 

of internal platelet structure in the primary a in this sample. 

Condition F. When compared to Condition E, this sample shows numerous 

internal platelets in the elonrated primary a laths. Otherwise the microstruc­

tures are quite similar. 

Condition G. The microstructure consists of elongated primary a laths, 

transformed B regions and a few B lamellae extending between primary a laths. 

The transformed B regions are fine acicular a in some instances and a fine 

mixture of a and 8 in other instances. As in previous samples, the a and a 

phases in this fine mixture do not follow the Burgers orientation relation. 

The primary a laths contain the internal platelet structure. 

Properties Correlation 

The correlation between mechani~al properties and microstructure in alloys 
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such as 6-4, 6-6-2, and 6-2-4-6 is not simple because of the complicated micro­

structures which occur. The microstructures become more complex with increasing 

concentrations of a stabilizing alloy ing elements. Further, there are most 

certainly combined effects involving more than one microstructural feature 

which influence mechanical properties. The mechanical properties of the samples 

produced for the microstructural studies in this program extended over a fairly 

limited range. Consequently, the correlation between variations in microstructure 

and s~ch small variations in properties may be misleading. With these limitations 

in mind, we none-the-less have attempted some correlations between several of 

the individual microstructural features and mechanical properties. 

Microstructural features which could potentially influence properties and 

which could be quantified to some degree were selected for correlation. These 

features include average width of a laths, width of interface phase, volume 

fraction a phase (biased), and dislocation density of primary a. The correla­

tions between these features and yield strength and Kie were examined. Correla­

tion to elongation was arbitrarily excluded and ,orrelation to fatigue life was 

not attempte •. 

Nine (9) samples each of 6-4 and 6-6-2, representing the high, medium, and 

low values of yield strengt.h and K,c were selected. No correlations with 

6-2-4-6 were attempted since the complex microstructures encountered in this 

alloy are not readily separated into significant individual features. 

The average width of a laths for 6-4 was obtained exclusively from samples 

containing Widmanstatten a. In the case of 6-6-2, there were approximately 

50% WiJmanstatten and 50% martensitic a containing samples. The interface 

phase width was taken as that between a laths and a. The volume fraction a 

phase, as recorded, is a biased value. The measurements were made from 

electron micrographs taken specifically in transformed regions and exclusive 
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of primary a. The values, then, are those for transformed regions only and 

not for the entire sample. However, since the volume fraction of primary a is 

fairly constant, except for Condition A-1, the values are biased by a systematic 

error and thus are relatable to each other. These values also are meaningful 

in the sense of indicating the ratio of s to Widmanstatten (or martensitic) a. 

The dislocation u~nsities of the pr imary a particles were not precisely quanti­

fied. Electron micrographs of each of the 9 sample~ (using the same magnifica­

tions and contrast conditions, i.e. the reflection with a two beam orientation) 

were compared and visually separated into groups corresponding to low, medium 

and high dislocation densities. 

The results of microstructure-property correlations are shown in Figs. 

34-41. All curve) were drawn as a least squares fit to the data. Figure 34 

shows there is a correlation between width of a lath and yield strength for 

both 6-4 and 6-6-2. No physical significance has been attached to the fact 

that the slopes of both curves are the Sdme. In Fig. 35 a correlation between 

a lath width and Klc is apparent for 6-6-2, but Klc is independent of~ lath 

width for 6-4. 

Figures 36 and 37 demonstrate a correlation between interface phase width 

and both yield strength and Klc for 6-4 and 6-6-2. The interface phase width 

has opposite effects on the yield strength and Kic as shown in these figures. 

The effects of volume fraction 8 phase (biased) on yield strength and Kie 

are shown in Figs. 38 and 39. Again the opposite effect of 8 phase volume 

fraction on these two properties is observed. 

The results of dislocation density correlations are presented in Figs. 40 

and 41. Here no curves are drawn because of the apparent lack of correlation. 

A trend which indicates yield strength decreases with increasing dislocation 

density is detectable for 6-4. 
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DISCUSSION 

The be ta phase spontaneous transfonnation, h·,1drides, alpha-beta interface 

phase, and alpha lat~ internal platel e structure are all microstructural 

features which occur to at least a limited extent in most a, a+a and metastable 

a titanium alloys. The degree of severity of the shear of the spontaneous 

transf~rmation is a function of the composition of the beta phase. Based not 

only on this work but other studies at this laboratory, it has been found that 

a phase leaner in a-stabilizing solute(s) undergoes more severe spontaneous 

transformation compared to more concentrated beta phase. The transfonnation 

occurs during thinning of the alloy and as such is a thin foil artifact and 

not representative of the bulk material. 

The presence of hydrides i~ the alpha phase is generally a fairly minor 

effect. The hydrogen may be introduced in the processing of the alloy or in 

the mechanical grinding portion of thin foil preparation. The amount of 

hydrides present in any of the 6-4, 6-6-2, or 6-2-4-6 samples was small and 

would be expected to have little or no effect on mechanical properties, were 

they present prior to thinning. 

The interface phase whic~ occurs between the a lamellae and a phase in 

these alloys is of special interest. The importance of the interface phase 

lies in its potential effect on mechanical properties. The phase could provide 

an easy fracture path, or conversely it could ac t to blunt or branch cracks, 

thus affecting Klc values in either case. The phase also could provide a 

barrier to slip across a-a interfaces and thereby affect yield strengths and 

elongation. When observed with particular diffraction contrast conditions 

described previously, th~ interface phase is seen to be a solid, single phase 

zone for most of the 6-4 and 6-6-2 samples examined in this investigation. 
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Strain fields are frequently observed in the a-phase near the interface. These 

strain fields are particularly prominent when the a-phase is strongly diffracting . 

In this condition, the interface ohase could easily be mistaken for a region of 

high dislocation density. The electron diffraction evidence here indicates that 

the ir,terface phase is alpha phase of a diffe rent crystallographic orientation 

than the alpha phase it borders. The reasons for the presence of a-phase in an 

a - 8 boundary are not entirely ciear, but it is possible the interface alpha, 

whicl1 at times appears to grow into the lath a, may be closer to the equilibrium 

composition. 

The platelets which occur within a laths can act as barriers to slip within 

the laths and in so doing should affect mechanical properties. However, com­

parisons of relative amounts of platelet structure to yield strength, Kie' or 

elongation revealed no correlation in 6-6-2 samples. This likely means that 

the effect of the platelets is overshadowed by other microstructural features 

in 6-6-2. 

The variations in microstructures among samples were limited in each of 

the alloys. The alloys were forged to produce either spherical or elongated 

primary a. In the cases of 6-4 and 6-6-2 the post forging treatment generated 

either Widmanstatten or martensitic a . The B phase in all the 6-2-4-6 samples 

appears to have decomposed by nucleation and growth, resulting in a distinctive 

distribution of a platelet sizes. 

There were few anomalies in the microstructure characterization in that 

comparable forging practice and thermal treatment usually produced similar 

final microstructures. The most frequently encountered anomaly was the lack 

of m~rtensite in samples which had been quenched from high temperature. This 

was more prevalent in the 6-4 alloy than the 6-6-2, and occurred mainly in 

samples which had been water quenched from the press. In the case of 6-4 only 
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5 of the 14 samples quenched showed martensite; further. subdivision of these 

results shows that 1 of 6 quenched from the press was martensitic 1 while 4 of 

8 quenched in the post forge treatment \'.1ere martensitic. For the 6-6-2 alloy. 

3 of 6 samples quenched from the press transformed to martensite and all 8 of 

those quenched in post forge treatments exhibited a martensitic structure. 

These results support the notion that the 6-4 alloy and to a lesser extent the 

6-6-2 have a very limited deep hardening capability. Thus. heavy sections of 

these alloys will not transform to martensite thru their section thickness 

resulting in a microstructural gradient consisting of a martensitic structure 

at the surface and Widmanstatten a in the center. This seems to be especially 

true for those quenched from the press. suggesting that the quench delay off 

the press may have been consistently somewhat greater. 

Attempts at rationalizing corr~lations of individual microstructural 

features with mechanical properties in alloys which have complex microstructures 

must be approached \'lith great care. Apparent correlations may be ac~ually the 

result of several interacting microstructural features or may not be correla­

tions at all, since only a limited number of samples were examined. These 

restrictions notwithstanding. the following conments are made as regards 

property correlations. 

The increase in yield strength with decreasing alpha lath width may be 

~ttributed at least in part to unobstructed slip length effect such as pre­

dicted by the Petch equation. Smaller a laths mean shorter slip distances. 

which is consist~nt with higher yield strengths, but in the alloys studied here 

dislocation interactions with the complex interphase boundaries probably also 

have a significant influence on the yield stress. The parallelism of t~e 6-4 

and 6-6-2 curves is likely fortuitous when the other features of the micro­

structures in the two alloys. which are quite different, are considered. 
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The data show that the fracture toughness of 6-6-2 is a function of a lath 

width, whereas the 6-4 samples show Kie to be independent of a lath width. 

Crack propagation path has not yet been determined in these samples, making 

it difficult to speculate on the role of lath a in resisting crack motion. 

Alternatively, it may turn out that the Kie correlation to interface phase 

~idth is the correct one, in which case there is a correlation for both alloys, 

although the effect is much smaller for 6-4. If the crack were to follow the 

a-8 boundaries, it is conceivable that the crack could be blunted when it moves 

into the interface phase. A broader phase then could provide more volume of 

material for crack blunting. The apparent correlation of a lath width with 

Kic then occurs because there is an interdependence between interface phase 

width and a-phase lath width. 

The width of interface phase also correlates with yield strength. This 

could be a real effect or could be the resul~ of the dependence of interface 

phase width upon lath a width. In this case it is reasonable that both inter­

face phase width and a lath width influence the yield strength but the relative 

contributions of these two factors cannot be separated at present. 

The dependenc~ of yield strengths and Kie values upon the biased volume 

fraction beta phase in both 6-4 and 6-6-2 is similar to th~ir dependence upon 

lath a width and interface phase width. The effect of increased amounts of 

8 phase upon the yield strength can be described as similar to that of in­

creased widths of a laths. Ti1at is, there is a longer slip distance in the 

a phase and fewer intersections of dislocations with interphase boundaries. 

As was the case for a ath widths, the correlation of biased volume fraction 

s with Kie is not yet clear. 

No correlation could be drawn between dis1ocation density and either yield 

strength or Kie values. This is possibly because of the non-quantitative manner 
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in whic~ d1slocat1on "densities" were determined, but it "s more likely that the 

range of dislocation densities encountered in this study was not large enough to 

have much effect on properties. Thus, e contributions of other microstructural 

variables to variations in mechanical properties may be large enough to mask any 

effect due to dislocation density variations. 

The results have shown that trends, if not correlations, may be made be­

tween microstructural features and mechanical properties. However, relating 

individual microstructural features from a complex microstructure to particular 

mechanical properties is complicated by the fact that microstructural features 

interact to affect the mechanical properties more as a unit than as individual 

features. The trends from each of the m1crostructural features point up the 

trade-off that must be made between yield strength and K1,. For all features, 

as one increases, the other decreases. 

SUMMARY 

This report presents the results of transmission electron microscopy of 

23 Ti-6Al-4V, 22 Ti-6Al-6V-2Sn, and 11 Ti-6A1-2Sn-4Zr-6Mo samples with varicus 

forging and post-forging treatments. 

Special microstructural fea~ures which occur generally in a-a and 

metastable a Ti alloys are described. Spontaneous transformation of the a 

phase and hydride precipitation in th~ a phase are shown· to be artifacts which 

may occur in thin foils. An interface phasJ which forms between u and a phases 

is sho~m to be a phase of different crystallographic orientation. Internal 

platelets w~1ich are present within Widmanstatten a laths or martensitic a laths 

have the appearance of a ohase with the interface phase at the surfaces of the 

pl ates. 
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The microstructure of each of the 56 samples is documented. In several 

of the 6-4 samples and a few of the 6-6-2 samples, water quenching from the 

press was not sufficient to produce a martensitic structure through the cross­

section. In many of the 6-2-4-6 and a few of the 6-4 samples, the acicular a 

laths consisted of a mixture of fine particles which appeared to be several 

variants of a phase. 

Selected microstructura l features were quantified and correlated to yield 

strength and Kie values. The results show trends, if not correlations, between 

most of the microstructural features and the mechanical pro~erties. Also 

illustrated is the microstructura1 basis for the well-known trade-off between 

yield strength and fracture toughness. 
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TABLE I. Treatments for Specimens of Ti-6Al-4V 

Pre-Forge Cool from Post Forge 
Code Treatment Block Finish Press Cormient Treatment --
A 1775°F (a+S) 1800°F(a+8) AC l 10-20% primary a Ann3 

B " II AC l II II STOA4 

C II II WQ2 II II Ann 

A-1 1750° F (a+ ) 1725°F (a+6) AC 40-50% primary a Ann 

0 Create II 1750° F (a+S) " Ann 
spaghetti a 

E II I! II II STOA 

F II II II WQ Ann 

G Create grain 1775°F ( +6) 1775°F (a-6) AC Ann 
boundary et 

H II II II II STOA 

I II II II wQ Ann 

J 1900°F (8) " AC 10% reduction Ann 

K II II II II II STOA 

L II II WQ II Ann 

M II II II II II STOA 

N II II AC 30% reduction Ann 

0 II II II II II STOA 

p " II WQ II II Ann 

Q " 1900°F ( 8) AC 10% reduction Ann 

R II II II II II STOA 

s II WQ II II Ann 

T II II Slow cool to produce Ann 
grain boundary a 

u II II STOA 

1. AC = air cooled 
2. WQ = 1•1a ter quenched 
3. Ann = anneal 1300°F/2 hrs/AC 
4. STOA = 1750°F/l hr/WQ + l300°F/2 hrs/AC 
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TABLE I I. Treatments for Specimens of Ti-6Al-6V-2Sn 

Pre-Forge Cool from Post Forge 
Code Treatment Block Finish Press Conment Treatment 

A 1665°F (a+B) 1700°F (a+B) l\C l 10-20% primary a Ann3 

B II II II II II STOA4 

C II II WQ2 II II Ann 

A-1 1625°F (a+S) 1625"F (a+S) AC 40-50% primary a Ann 

D Create 1675°F (a+S) 1675°F (a+B) II Ann 
spaghetti a 

E II II II II STOA 

F II II II WQ Ann 

G Create gr a i n II II AC Ann 
boundary a 

H II II II II STOA 

I II II II WQ Ann 

J 1800°F (s) II AC 10% reduction Ann 

K II II II II II STOA 

L II II WQ II II Ann 

M II II II II II STOA 

[~ II II AC 30% reduction Ann 

0 II II II II II STOA 

p II II WQ II II Ann 

Q II 1800°F ( B) AC l 0% reduction Ann 

R II II II II II STOA 

s II II WQ II II An n 

l II II Slow cool to produce Ann 
grain r~undary a 

u II I I STOA 

l . AC = air cooled 
2. WQ = water quenched 
3. Ann :. "1350° F / 2 hrs/ AC 
4. STOA= 1650°F/l hr/WQ + 1300°F/2 hrs/AC 
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TABLE III 

Treatments for Specime 1, of Ti-6Al-2Sn-4Zr-6Mo 

Post Forge 
Code Finish Comment Treatment 

A 1625°F (a+a) 1700°F (a+ 10-20% Spherical a STA1 

A-1 " II II II Ann2 

A-2 II II II II STOA3 

B II 1625°F (a+8) 40-50% Spherical a STA 

B-1 II II II II Ann 

B-2 II II II II STOA 

C 1800° F ( 8) 1725 , F ( +a) 10% reduction _TA 

D II II 30% II SlA 

E II 1625°F (a+S) 10% II STA 

F II II 30% II STA 

G I I 1800°F (a) STA 

:1. STA = 1625°F/1 hr/air cool+ 1100°F/8 hrs/a.c. 

2. Ann = 1300°F/l hr/a.c . 

3. STOA= 1625°F/1 hr/a.~.+ 1300°F/1 hr/a.c. 
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Fig. 1. Spontaneous transfor~ation in beta phase in Ti-6Al-6V-2Sn. 

Fig. 2. Titanium hydride platelets which have nucleated at «/8 boundary 
and grown into alpha phase in Ti-6Al-2Sn-4Zr-6Al. 
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(a) 

(b) 

Fig. 3. Heating stage exµeriment demonstrating that platelets are 
titanium hydrides in Ti-6Al-4V. a) Thin foil micrograph 
taken at room temperature showing platelets in alpha phase. 
b) Same area ofter heating to 220cc, platelets have dissolved. 
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(a) 

I 
0 

l IOOOAJ 
(b) 

Fig. 4. a/B interface phase as it occurs in Ti-6Al-4V. a) low 
magnification with beta phase in contrast. b) high 
magnification withs phase ~n poor contrast. 

2f. I 



Fig. 5. Thin foil t i lted to reveal continuous nature of interface 
phase in Ti-6Al-6V-2Sn. 
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0.5µ. 

(a} ( b} 

(c) (d) 

Fig. 6. Interface phase between spaghetti a and_B lamella in Ti-6Al-4V. 
a) Bright field, b) dark field with (1010) 0 reflection operating, 
c) dark field with (0110) 0 reflection operatingt d) electron 
diffr~ction pattern from interface phase indexable as [0001]

0 
zone. 
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Fig. 7. Electron diffraction pattern from spaghetti alpha phase adjacent 
to a/e interface phase shown in Fig. 6(a). This zone is 16° 
from an (0001] zone . 

a 
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(a) (b) 

(c) 

Fig. 8. Electron diffraction patterns from a, a, and interface phases 
in Ti-6Al-6V-2Sn indicating a_and e phases exhibit the Bur9t rs 
orientation relation. a) L1120]

0 
zone; b) (001) 8 zone; c) 

including interface phase which produces arced reflections. 



Fig. 9. Internal plates in a laths in Ti-6Al-6V-2Sn. 

Fig. 10. The internal plates in the a lath consist Jf as strip 
bounded ~Y interface phase, as illustrated here in Ti-6Al-6V-2Sn. 
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Fig. 11. Typical r1dcrostructure of Ti-6Al-4V, Condition A illustrating 
spherical primary a, Widmanstatten a , a-phase lamellae, and 
a/B interface phase. 

Fig. 12. Widmanstatten a laths in Ti-6Al-4V low oxygen, Condition A. 
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Fig. 13. Marte si tic a in Ti-6Al-4V, Condition B. 

a 

Fig. 14. Interface phase between a and a phases in Ti-6Al-4V, Condition B. 



Fig. 15. Dislocation arrangements in spaghetti alpha phase in 
T1-6Al-4V, Condition D. 

Fig. 16. Dislocation network in primary a phase in Ti-6Al-4V, 
Condition D. 
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Fig. 17. Dislocation network in Widmanstf\tten o phase in Ti-6Al-4V, 
Condition D. 

Fig. 18. Beta phase precipitates in large a phase lath in Ti-6Al-4V, 
Condition E. 
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Fig. 19. Dislocation arrangements in grain boundary a phase in Ti-6Al-4V, 
Condition I. 

Fig. 20. Internal plate structure in martensitic a phas . in Ti-6Al-4V, 
Condition M. 



Fig. 21. Dislocations in primary a phase in Ti-6Al-6V-2Sn, Condition A. 

Fig. 22. Martens 1tic a laths containing a fine internal structure 
in Ti-6Al-6V-2Sn, Condition B. 

272 

I 



Fig. 23. Alpha phase precipitation in broad areas of beta phase 
in Ti-6Al-6V-2Sn, Condition Al. 
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(a) 

(b) 

Fig. 24. A thick beta lamella in which a phase has precipitated 
in Ti-6Al-6V-2Sn, Condition D. The selected area 
diffraction pattern which is a <lll >s zone, reveals that 
the a-phase does not precipitate with the Burgers 
orientation relation. 
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Fig. 25, Dislocation networks in spaghetti a phase in Ti-6Al-6V-2Sn, 
Condition D. 

Fig. 26. Martensitic a laths containing internal plates in Ti-6Al-6V-2Sn, 
Condition D. 
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Fig. 27. Dislocation networks in primary in Ti-6Al-6V-2Sn, 
Condition H. 

Fig. 28. Typical microstructure of Ti-6Al-2Sn-4Zr-6Mo, Condition A. 



(a) 

(b) 

Fig. 29. Internal structure in a-phase lath in Ti-6Al-2Sn-4Zr-6Mo, 
Condition A2. a) Dark field electron micrograph using two 
relrods indicated in (b). b) SAD of a lath, near [0001] 
a zone with numerous relrods appearing. Arrows indicate 
two used for (a). 
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Fig. 30. Transformed region containing acicular a and B lamellae in 
Ti-6Al-2Sn-4Zr-6Mo, Condition B. 

Fig. 31. ~,ne internal structure in a-phase laths in Ti-6Al-2Sn-4Zr-6Mo, 
Condition Bl. 
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(a) (b) 

( C) 

Fig. 32. Internal structure in a laths in Ti-GA1-2Sn-4Zr-6~o, 
Condition Bl. a) Dark fi~lo micrograph using (}O 0) 
reflection; b) dark field micrograph using (1011)0 a 
reflection; c) SAD pattern with a reflections indicated. 
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Fig. 33. 

(a} (b} 

(c) 

Transformed B region in Ti-6A1-2Sn-4Zr-6Mo, Condition C. 
a) 6right field showing fine mixture of a and a phases; 
b) Dark field using (0002)a reflection; c) SAD 
containing a reflections from more than one variant. 
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Fig. 36. Plots of the average width of the a-B interface phase vs. 
yield strength for Ti-6Al-4V and Ti-6Al-6V-2Sn. Curves 
are least squares fits of the data. 

283 



90r---,----,--~---,....----,-----------------------

80 

70 

u -~ 60 

• Ti-6Al-4V 

50 D Ti-6Al-6V-2Sn 

400 ___ ......_ _ _.,_ _ _,__..;;;;,i, _ ___,1i.,.__~--'---...J----'----'----'~----" 

500 1000 

Width of interface phase, A 

Fig. 37. Plots of the average width of the a-8 interface phase vs. 
fracture toughness for Ti-6Al-4V and Ti-6A1-6V-2Sn. Curves 
are least squares fits of the data. 
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Ti-6Al-6V-2Sn. Curves ~re least squares fits of the data. 
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INTRODUCTION 

The Rockwell International Science Center was subcontracted by the 
\ 

Wyman-Gordon Company to perform an eler.tron fractographic study on 42 

titanium alloy samples under Air Force Contract #F33615-71-C-1560. The 

following broken fracture toughness (K1c) specimens were supplied: 16 Ti-6Al-4V, 

15 Ti-6Al- 6V-2Sn, and 11 Ti-6Al-2Sn-4Zr-6Mo in conditions representing various 

forging and post-fo1 ~inq treatments. The conditions furnished are listed in 

Table I; the detai ls of the particular treatments are found in preceding 

sections of the contract final report. 

The Science Center's approach to the electron fractographic study 

emphasized scanning electron microscopy (SEM) with supporting replica 

fractography as required as a referee technique. The irregular surface 

topography of the broken Ti-6Al-4V and Ti-6Al-6V-2Sn specimens coupled with 

the resolution obtainable with the SEM resulted in use of the SEM for exam­

ination of t~ese specimens. 

EXPERIMENTAL 

Specimens received by the Science Center consisted of mating halves of 

the broken Kie samples. The size of these specimens necessitated sectioning 

prior to SEM examination. Accordingly, a 1/8 in thick slice of parallel to 

and containing the fracture face was cut from one half of each specimen as 

shown in Fig. 1. Prior to cutting, the fracture face was protected with 

Krylon spray which was removed by an acetone wash prior t.o mounting the sample. 

The samples were mounted on standard specimen stubs with conducting paint and 

were examined at 20 KV and an angle ~f 40 ± 5° in an ETfC Autoscan capable of 

resolving iess than 100 A. Areas of each sample examined included, but were 
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TABLE I - ALLOY CONDITIONS EXAMINED 

l :-6A1-4V Ti-6A1-6V-2Sn Ti-6Al-2Sn-4Zr-6Mo -

A A A 

A (low o2) A-1 A-1 

A-1 B A-2 

B D B 

D E B-1 

E G B-2 

G H C 

H J D 

J M E 

M N F 

N 0 G 

0 Q 

Q R 

R T 

T u 

u 
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not limited to: 

1) the precrack approximatPly one-half way between the notch and the 

fatigue (precrack) - fast fracture transition, 

2) t he fatigue to fast fracture transition, and 

3) the fast fracture zone approximately 0.30 i n ahead of the transition. 

RESULTS AND DISCUSSION 

The results, which art presented in Fig. 2 through Fig. 43, are grouped 

by alloy and within each alloy group the figures are presented in the order 
\ 

of decreasing fracture toughness. Each figure in general represents exam­

ination of the three areas discussed in t he experimental section. All figures, 

\'lith the exception of Fig. 12, are presented \vith the direction of crack 

propagation running from left to right. A 500X light micrograph appears in 

3 

the upper left corner of each figure and the fatigue to fast fracture tt nsit1on 

is generally located in the lower center of the figure. Different regions 

photographed at similar magnifications are presented horizontally. Areas 

photographed at increasing magnifications are connected by a solid line. 

The 0.2% offset yield stress (VS), ultimate tensile strength (UTS) and fracture 

toughness (K1c) are shown on each figure. The Kie values are for the 

individual specimen examined in this program. 

Ti-6Al-4V 

The results for this alloy are presented in fc~r groups: 1) Kie> 90 KSinn, 

2) 80 KSl/fn~ Klc ~ 90 KSI/fn 

< 60 KS I/in. 

Kie greater than 90 KSI/fn 

3) 60 KSlnn~ Kie~ 80 KSlnn and 4) Kie 

Only one condition, a 1 O\'I oxygen materi a 1 processed to Condi ti on A 
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resulted in this level of toughness. The f racture surface, which was 

predominantly transgranular, had features characteristic of a high energy 

fracture, including considerable dimple formation {Fig. 2). The regions of 

ductile tearing appeared to be largely associated with the primary a 
\. part,cles. 

Kye from 80 to 90 KSilfn 

The four microstructures in this group, Conditions D, J, U, R 

(Figs. 3-6), though having different microstructures, all exhibit considerable 

dimple formation. For Conditions D, J, and R the fracture is primarily 

transgrar.~lar with regions of ductile tearing associated with the spaghetti 

a in Condition D and the primary a in Conditions J and R. Condition U, which 

\'las fully B processed exhibits, in addition to the transgranular fracture, 

some large "facets" which appear to be associated with the prior 13 grain 

boundaries. Dimple formation on the scale of the Hidmanstatten a plate 

size (Fig. 5h)are also observed. Condition R has some crack branching which 

is manifested as secondary cracks on the fracture surface, these possibly 

occur along prior B grain boundaries. 

K from 60 to 80 K~Ilfn le 

This group contains ten conditions, Conditions T, M, 0, N, G, Q, 

A-1, E, A, H (Figs. 7-16). The specimens representing microstructural con­

ditions in this group of Ti-6Al-4V exhibit mixed fracture modes, all of which 

are consistent with extensive ductiiity. These modes include void formation 

and growth, ductile tearing and plastic stretching or s,iding-off . The inter­

mixing of these modes seems in part dependent on microstructure as described 

below but the ranking of Kie values on the basis of fracture topography is 

not possible at present since the relative contributions to toughness of the 
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5 

three ductile fracture modes mentioned above cP1not be assessed. The conditions 

which have equiaxed primary a show localized region~ ~f fracture by sliding 

off, the distribution of these regio ns is similar to the distribution of 

equi~xed primary a particles. The transformed a matrix shows a combination 

of poorly developed di mples and tear ridges. In some instances the dimples 

(or holes) appear to form at a / 6 in terfaces or a ' (martensite) plate boundaries. 

The fast fract ure zone in Condition T (Fig. 7) is similar to that 

of Condition R (Fig. 6) but the crack branching in this condition produces 

some smooth appearing facets ~vith considerable microscopic dimple formation 

(Fig. 7i and j). The precrack zone in Condition M (Fig. 8) exhibits regions 

with well-developed fati gue striations; these regions appear to correspond 

to the primary a platelets. These same platelets provide a fracture path 

in the fast fracture zone. An interesting feature is the hole (Fig. 8j) 

which has apparently fcrmed at a hard particle which has subsequently been 

dragged across the fracture surface leaving the trail also seen in Fig. 8j. 

Condition G (Fig. 11), which was processed to produce a grain 

boundary a network, is striking in the effect of this network on the fracture 

topography in the fati gue to fast-fracture transition zone and in the fast­

fracture zone. The transition region is shown in a montage of 2000X micrographs 

(Fio. llg) and the particles in the fast-fracture zone in Fig. lle. 

Condition A-1 (Fig. 13) which contains 40-50% primary a in the form 

of large spherical particles demonstrates the effect of this type of particle 

on the propagation ot a crack in either fatigue (Fig. 13b and c) on fast 

fracture (Fig. 13d, a and h). 

Condition E (Fig. 14) exhibits a structure which contains spaghetti 

a, elongated primary a and martensitic a and shm1s the effect of the spaghetti 

a and/or primary a particles on the fracture propagation. In Fig. 14 hand i 
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can be seen a probable interface between a large a particle and a packet of 

martensiLic a through which the crack has propagated. 

The fracture modes characteri~tic of the other microstructurts in 

this group (Figs. 9, 10, 12, 15 and 16) exhibit the same general features 

previo sly described. 

Kie less than 60 KSIAn 

Only one condition examined, Condition B (Fig. 17) was in this group. 

6 

The structure which r.ontained 10-20% primary a also cont~ined a large fraction 

of martensitic a. Fracture was characterized by extensive fracture by sliding­

uff; this appears to occur along the boundaries between the primary a and the 

regions of martensitic a . In addition, considerable secondary cracking is 

present in this specimen. 

Ti-6Al-6V-2Sn 

"· The results for this alloy are presented in three groups: 1) 60 KSIA'n 

~ Kie ,;:::: 75 KSilin, 2) 45 KSI/in ~ Klc < 60 KSinn, and 3) Kie< 45 KSim. 

K1 c fr1)m 60 to 75 KS I An 

This group contains ten conditions, Conditions J, T, R, Q, U, M, G, 

N, D and O (Figs. 18-~7) all of which, with the exception of G and D, were 8 

blocked and 8 or a+f finished. All the microstructural conditions in this group 

of Ti-6A1-6V-2Sn exhibit correspo~ding mixed 1racture modes representative of 

considerable ductility. As in the case of Ti-6Al-4V in similar conditions, 

and in the same toughness range, these modes include void formation and grm-1th, 

ductile tearing and plastic stretching or sliding-off. Specific features of 

unusual interest will be discussed in further detail. 

In Condition J the elongated primary a laths can be seen to act as 

a preferential fracture path in both fatigue crack propagation (Fig. 18b and 

c) and rapid fracture (Fig. 18g and h). 
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Although processed to produce grain boundary a, Condition T consists 

of Widmanstatten a lath separated by lamellar regions of untransfonned s. 

Fracture throu9h or arounJ bundles of Wi drians fatten a produces the 11 herri ngbone" 

appearance in Fi g. 19h, i and j . The grain boundary a particles in Condition G 

(Fig. 24) offer a preferential fra cture path althou~h one requiring high 

en"rgy as seen in the di mp le formation in Fig. 24i. 

Klc from 45 to 59 KSim 

This group of four speci mens, Conditions E, H, A and A-1 (Figs. 28-31) 

all of which were +s processed have fracture features characteristic of a 

lower energy fracture process . 3u: h features include small, shallow dimples 

and smooth appearing regions associ ated with fracture through the spaghetti a 

primary a or grain boundary particles. 

Klc < 45 KSI/fri 

The lowest toughness condition in the Ti-6-6-2 alloy falls in this 

group. It ~s Condition B (Fiq. 32) ~,hich contains 10-20% spherical primary a 

and martensitic a laths. Crack propagation around the primary a particles 

appears very easy with the particles exhibiting a smooth cleavage type fracture. 

Ti-6Al-2Sn-4Zr-6Mo 

Unlike the preceding two alloys, the fracture toughness of this alloy 

correlates very well ~lith processing in that similar microstructural conditions 

have similar toughness values. ·' These microstructural features will be discussed 

in terms of processing and will be grouped as follows: 1) S forged in both 

blocking and finishing operations (Kie> 50 KSllfn); 2) e blocked and a+B 

finished (31 KSiliri-< Kie ~ 45 KSlliri}; 3) a+6 forged in both operations 

to a 10% primary a level (25 KSilfn < Kie ~ 31 KSl/fn) and 4) a+e forged in 
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both operations to a 50% primary a structure (Kie ~ 25 KSI/fn). Most of the 
Ti-6Al-2Sn-4Zr-6Mo specimens had a very smooth fracture surface when observed 
at low magnification; in fact care ha ' to be exercised in order to locate the 
fatigue to fast fracture transition in these specimens. 

Kie greater than 50 KS lm 

The one speci men in this ca tegory (Co ndition G, Fig. 33) which was 
fully a processed h?~ ~onsiderable crack branching (Fig. 33c and f) along 
prior 8 grain boundar1es and di mple formation suggestive of void formatfon 
associated with fine transformed 8. 

Kie from 31 to 45 KS I i n 

The four conditions in this gr,up. Conditions E, C, D and F (Figs. 
34-37) were all B upset and a+ B finished. Condition E had considerable 
crack branching coupled with voirl formatio~,growth and coalescence. Conditions 
C, D and F exhibit void formation and coalescence characteristic of the bulk 
of the Ti-6Al-4V and Ti-6Al-6V-2Sn condition~. 

Kie from 25-31 KSI/fn 

The three speci mens in this group, Conditions A, A-2 and A-1 
(Figs. 38-40) were +a forged to 10-20% pri mary a and then given STA, anneal, 
and STOA heat treatments, respectively. ihe fatigue to fast fractur 
transition sho\'1S very little change ;n ap::iearance. The fast fracture zone 
shows evidence of dimple Formation although the dimples are very shallow. 
The fracture path in the region of pri mary a particles is suggestive of a 
very low energy fracture mode either along the boundary or through these 
particles. This observation is consistent with the fact that the following 
group containing 40-50% primary a has even lower fracture toughness. 
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Klc less than 25 KSJ/fn 

The three specimens in this group, Conditions B, B-2 and B-1 

(Figs. 41-43) were a+S forged to 40- 50% primary a dnd then qiven STA, anneal 

and STOA heat treatments, respectively. The fatigue to fast fracture 

transition shows little change in topography and a path around the primary 

a particles is evident. There is a relatively poor correlation between 

fracture topography and microstructure in these specimens. 

SUMMARY A D cor~CLUS IONS 

Although variations in the fracture topoqraphy as elucidated by SEM 

and replica fract Jraphy techni ues 1r~ insufficient to permit the fracture 
toughne~s to be esti mated, the current investi gation has established the 

following points. 

1. The fracture topography in the fati ue precrack region most accurately 

reflects the microstructure. Thus it is usefu1 to compare the topo­

graphical variation<; observed in t he recra ck to t hose 0bserved in 
the fast frc1~~• ::· .: zone. 

2. In high Kie materials there is a noticeable variation in fracture 

topography bet\'1een the initial rapid propagation region and the region 

of rupid propagation distant from the limit of the fatigue precrack. 

The width of this topography transition zone and the extent of variation 
between the initial and final fracture regions decreases with decreasing 

fracture toughness. 
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3. The fully Widmans tatten structures typically exhibited the highest 

KI c values. In the high strength con di ti ons of Ti -6-6-2 and Ti-6-2-4-6 

these structures exhibited pri :nary and secondary cracking along prior 

a grain boundaries. In the lower strength conditions, this trend is 

much less pronounced. 

4. The hi gh stre~gth low toughness conditions of Ti-6-2-4-6 are a+S 

fini shed and xhibit a uniform distribution of fi'.le primary a particles 

in an +a matrix. This type ~f microstructure appears to have little 

influence on fracture topoqraphy since these specimens exhibit a 

uniform distribu t ion of small, shallow di mples, the dimensions of 

v1hi ch do not corre 1 ate vii th those of any r1ti cros tructura 1 features. 

5. fn r1ost of t :1e Ti- Al--1V and Ti - Gf,l- ~V- 2Sn speci r.iens, those falling 

in the range of Kic values of 60-80 KSim, the fracture topography is 

ve ry si milar v,ith th~ exception that the effect(s) of primary a, 

spaghetti and grai n boundary on the fracture topography are 

observable. A quantita t ive correlati on het~een fracture toughness, 

fracture topography and microstructure ;~ not currently possible 

although some qualitative trends have been suggested above. 
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Precrack 

Notch 

a) Specimen half 

Fast fracture 
zone 

Areas of observation 

(D Precrack 
© Fatigue to fast fracture 

transition 
(D Fast fracture zone 

approximijtely 0.30 in 
from transition 

<D 

b) SEM sample 

Figure l. Schematic of specimen and SEM sample 
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Ti-6Al-4V Condition A (Low 02) , ANN 

a) Liqht micrograph; 500X 

b,c) Precrack, 400X, 4000X 

d,e) Fatigue to fast fracture : ransfti~n; 
BOX, 400X 

f ,g) Fast fracture zone near the transition; 
200X, 800X 

h,i) Fast fracture zone; 200X , 800X 

YS = 1LD. 

UTS = fl. D. 

Krc = 97 .1 KSilfn 

Figure 2 
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Ti-6 '<J Condition D, AC, ANN 

a) l • micrograph; 500X 

b,c) ec rack zone; 200X , SOOX 

d,e, ' Fatigue to fast fracture transition; 
400X, BOOX, 2000X, 2000X 

h,i) s t fracture zone; 400X, 2000X 

YS - 37 KS! 

UTS = 149 SI 

KI c = 7 . 7 KS I lfii 

Figure 3 
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Ti-6A -AV Condition J, AC, ANN 

a) Light micrograrh; 500X 

b,c) Precrack zone; aoo:, 2000X 

d,e,f ) Fatigue to fast fracture trans i tion; 
BOX, 400X, 2000X 

g,h) Fast fracture zone near the transition; 

400X , 1600X 

i,j) Fas t fracture z0ne; 400X, l600X 

VS = 134 KS I 

UTS = 149 KSI 

K[c = 87.6 KSlm 

Fi gure 4 
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T1-6Al-4V Cond1t1on U, STOA 

a) Light ~icrograph; 500X 

b) Precrack zone; 4000X 

c,d,e) Fatigue to i'ac;t fracture transition; 

400X, 2000X, 2000X 

f,g) Fast fracture zone; 400X, 2000X 

h) Bright "facet" in ~ast fracture zone; 400X 

YS = 139 KS I 

UTS = 152 KS! 

Kie 86.4 Sim 

Figure 5 
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Ti-6Al-4 Condit ion R, AC , ~TGA 

a) L1qh t microg raph; 500X 

h) Precrac~ zone ; 2000X 

c,d,~, ) Fatigue to fast fracture trans i tion; 
l&OX , BOOX , 4000X, luOOOX , 400X, 2000X 

g, ) Fast fracture zone near the trrnsition ; 

400 , 2000 

i,J,} Fast fracture zone; 80, 400X , 1600X 

YS 138 ,S! 

.;rs = 153 r:sr 

f le 8E .4 t:~l,,n 

-· I ' I 

' ) 
"- ~ A Ml1 fl• 
~ ,, .. 

... ... 4 

" •• 
1, .. 

,. i ;., . 
• I , -' • -
', , -~i 
~ • .!,~';/:~'· l&lllliij .. ~ 1• ··~ .... . 

• I ... ,:•• .r II 
..,. ,tA -....:,.1,... .- • .. • 

ri gure 6 
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Ti-6Al-4V Condition T, Arm 

a} Light micrograph; SOOX 

b,c ,d) Precra~k zone; 200X , 2000X, 2000X 

e,f) Fatigue to fast fracture transition; 
200X, 8(JOX 

g,h) Fast fracture zone, 200X, 800X 

i , j) "Facet" in fast fracture zone near the 

transition; BOX , 4000X 

VS = 131 KS I 

UTS = 147 KS! 

I c = 80. 4 KS! ,'in 

• I ; =~~'::,~ I « 
' 

Fi gure 7 
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Ti-6Al-4V Canditia, M, WQ, STOA 

a) Light micrograph; 500X 

h,c,d) Precrack zone; aoox, 2000X, BOOOX 

e, f ,g) Fatigue ta fast fracture transi tian; 
20CX, BOOX, BOOX 

h,i , j) Fast fracture zone; 400X, 2000X, 8000X 

YS = 138 KS! 

UTS = 151 KS I 

Kie= C0.4 KS!m 

' ~ 

. .. 

·-

· ~ 
-

Figure 8 
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Ti -6Al-4 Condition 0, AC , STOA 

a) Light mic r0graph; 500X 

i,c) Precrack zone; 400X, 2000X 

d,e,f) Fatigue to fast fracture transition; 
BOX, 400X, 2000X 

g,h) Fast (racture zone near the transition; 
'00'(, 2000X 

i ,j) Fast fracture zone; 400X, 2000X 

YS = 137 K~ '. 

UTS = 151 ,S I 

K = 78.0 KSI!fii 
le 

Figure 9 
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Ti-6A1-4V Condition N, AC, ANN 

a) Light micrograph ; SOOX 

b,c ,d,e,f) Fatigue to fast fracture transition· 
BOX, 400X, 2000X, 2000X, 8000X • 

g,h) Fast fracture zone near the transition; 
400X, 2000X 

i ,j) Fast fracture zone; 400X, ,OOOX 

. . 

YS = 127 Kt, I 

UTS = 143 KS! 

Kie= 75.9 KSlfi"n 

.. 
.. ... I lo, 

t , . • • . 

. . 
' 

O;i 

. 
. .. '~ ' 

' ~,.., -WI' ,, 

. , ,)Y "'"I ~- - ... . ... :;f"••-\: •lg I 
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Figure 10 
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Ti-6Al-4V Condition G, AC, ANN 

a) L1yht micrograph; 500X 

b,c,d) Fatigue to fast fracture transition; 
lGOX, 400X, aoox 

e) Fast fracture zone; 400X 

YS = 138 KSI 

UTS = 151 KS I 

Kic = 75.7 KSirn 

Figure 11 
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Ti-6Al-4V Condition G, AC, ANN 

f ,g) Fatigue to fast fracture transition; 

400X, 2000X 

Figure 11 (Continued) 
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:i-6Al-4V Condition Q, AC, ANN 

a) Li ~ht micrograph; SOOX 

b,c ) Precrack zone; 400X, 4000X 

d,e,f) Fati1111e to fast fracture transition; 
aox, 4oox , 2ooox 

g) Fast fracture zone nea~ the tra sition; 
4(,QX 

h,i) Fast fracture zone; 400X, 2000X 

YS = 128 KS [ 

UTS = 144 K~l 

K1 = 71. l KSJ,,n r 

Figure 12 
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Ti-6Al-4V Condition A-1, AC, ANN 

a) Light ~icrograph; 500X 

b,c) Precrack zone; 400X, 200QX 

d,e,f,g,h) Fatigue to fast fracture 
transit ion; 400X, l600X, 
4000X , 1600X, 4000X 

i,j) Fast fracture zone; 400X, 2000X 

YS = 135 KS! 

UTS = 147 ~'S I 

Kie = 70.6 rSJ,11ri 

Figure 13 
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Ti-6Al-4V Condition E, AC, STOA 

a} Light micrograph; SOOX 

b,c ,d,e,f,g) Fatigue to fast fracture 
transition; BOX, 400X, 
BOOX , 1600X, BOOX, 1600X 

h, i) Fast fracture zone; 400X, 1600X 

YS = 141 KS! 

UTS = 154 KS! 

Krc = 68.1 KSilfn 

Figure 14 
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Ti-6Al-4V Condition A, AC, ANN 

a) Light micrograph; 500X 

b,c,d,e,f) Fatigue to fast fracture 
transition; aox , aoox, aoox, 
aoox, 2ooox 

g,h) Fast frrrture zone; BOX, 800X 

VS = 141 KS! 

UTS = 155 KS! 

Krc = 68.0 KSUTri 

Figure 15 
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Ti-6A1-4V Condition H, AC , STOA 

a) Light micrograph; 500X 

b,c) Precrac zone; 200X, 2000X 

d) Fatigue to fast fracture transition; 

200X 

e,f) Fast fracture zone near the transit ion; 

200X, 200UX 

g,h,i) Fast fracture zone; 300X, 1200X, 1500X 

VS = 143 KS! 

UT!>= 157 KSI 

Kit= 63.9 KSllfii' 

• • . ·'!lllj 
I • 

. 

~ -· ~ :"Il l'" 

~; gure 16 
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Ti-6Al-4V ·t· n B AC STOA Condi 10 , • 

a) Light micrograph; SOOX 

b de) Fatigue to fast fracture transition; 
,c, ' 4oox 4ooox, 2ooox, aooox 

f,g) Fast fracture zone; 

YS = 142 KSI 

UTS = 154 KSI 

K = 56.9 KSilfii le. 

I J•Ji 'i!. ~ 
~,.~/ ~ ·~ -. 

400X, 1600X 

. .. , 
,•.~~w 
'•\ ,,. 4' ~,l .. • '• .f!!!, ~, ,. ~ • .-...: . ' .,,. fi.~. ..,; '{, . , j • ... '. . ,, l. , .. ' 

~- · ~~ .~ II>-_.. f ..,_. , . . 

Figure 17 
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Ti-6A1-6V=2 

Ti-6Al-6V-2Sn Condition J, AC, ANN 

a} Light micrograph; 5OOX 

b,c} Precrack zone; 8OOX, 2OOOX 

d,e,f) Fatigue to fast fracture transition; 
8OOX, 4OOOX, 2OOOX 

q,h,i) Fast fracture zone; BOOX, 2OOOX, 8O0X 

YS = 147 KS! 

UTS = 160 KS I 

Kie= 74 .6 KSJ/in 

Figure 18 
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T1-bA1-6 -2Sn Condition T, ANN 

a) Light micrograph; 500X 

b,c) Precrack zone; 800X, 4000X 

d,e,f) Fatigue to ast fracture transition; 
4oox, 2ooox. aoox 

g,h , i,j) Fast f acture zone; 160~, 800X, 

aoox, 2ooox 

YS = 136 SI 

UTS=153tSJ 

. t.1 , ... . ~ , . ._ . 
ti • . ~~ . 

• '. ,. 4 

• 
• A•IJ'. 

, .• , • · ~ d '/~ J...._• 
.. •;-~. ~"' r,.J 

~ iljt ,."Ir..,.. • 
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Figure 19 
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Ti-6Al-6V-2Sn Condi tion R, AC, STOA 

a) Light m1cro9rap ; SOOX 

b} Precrack zone; 4000X 

c,d ,e) Fatigue to fast fracture trans it 
200X , 4 OX, 1600X 

f,g ,h) Fast fre cture zone; 800X, 400X , 

YS = 140 KSI 

UTS = 156 ~SI 

Krc = 73.6 KSI,,n 



Condi~ion R, AC, STOA 

) Fatigue to fast frac t ure transition; 
200X, 400X, 1600X 

) Fast racture zone; 800X , 400X, 4000X 

Figure 20 
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Ti-6Al-6V-2Sn Condition 0, AC, ANN 

a) Light microqraph; SOOX 

b,c) Precrack zone; 400X, 2000X 

) Fatique to fast fracture transition; d,e,f,g 
400X, 2000X, 2000X, 2000X 

h • , ) Fast fracture zone; SOX• 4COX , 2000X 
• 1 'J 

YS = 136 KS I 

UTS = 155 KS! 

K = 71. 7 KS! /in 
IC 

Figure 21 
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ri-6Al-6V-2Sn Condition U, STOA 

a) Light micrograph; 500X 

b,c} Precrack zone; BOOX , 4000X 

d,e,f,g} Fatigue to fast fracture transition; 
160X , 800X, 2000X, 2000X 

h,i,j) Fast fracture zone; 2000X, BOOX , 2000X 

YS = 143 KS I 

UTS = 159 KS! 

Kie= 71.3 KS!m 

. ,,,., 

' I ~· 
......,;.,...--

; 

.... I 

i1~~1 . , ,,,.. 

Figure 22 



Ti-6A1-t,V-2Sn Condi t1on , ' I 

micrograph ; 500X a) Light • 

' ,gue to fast frac b ,c d) Fat· transit ion · • 
400X, l 600X' l GOOX 

e,f ,g,h,i ) Fast fracture zo ':.X , 400Y . 
1600X , 400X, 400 

YS = 144 KSl 

UTS = 160 KSl 

Kie= 67.9 Slfu 
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Co, di io ~. WQ, STOA 

r apt; 500 

transition; 

re zone; BOX, 400X , 
X, ~ OX, 4uCOX 

Figure 23 
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a) Liqht 1croy1·aph; 5001 

b} PrecrcJck zor,l; 2000X 

c,d,e,f,g} Fdt;que to t.$t fracture ransition; 
BOX , 400A, lGOOX, 400~, 1 OOY 

h, i} ras frocture zont•; 400,{, 1 OOX 

YS = 142 kSI 

LITS - 155 Y.SI 

Figure 24 
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Ti-6Al-6V-2Sn Condition N 

a) Light micrograph ; 500X 

b,c) Precrack zone ; 400X , 2~ 

d,e,f, g) Fatigue to fast fr~ 
400} , 2000X , 800X, 

h 'i I ii Fast fracture zone; 

. YS = 145 KSI 

UTS = 158 KS! 

Klc = 64 .4 KSJ/in 



1-6 -25 Co1dition ~. AC , AN~ 

lght micro_raph ; SOOX 

Precrack zone; 400X , 2000X 

f ' F •· e t fast racture transition; ,9 1 a.,gu <J 

400X , 2C·OOX, 800. , 2000X 

Fast frac ure zone; 160X , BOOX, 2000X 

145 SI 

158 SI 

64.4 SJ, 1 

,~ ·· ~ ..... ~ 
- ........ '. ... U,J 

Figure 25 
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Ti-6Al-6V-2Sn Condit 1 on D, AC , ANN 

a) Liq~t micrograph; SOOX 

b,c,d,e,f) Fatique to fast fracture transition; 
160X, 400 , 200UX, 160X, 400X 

o) Fast fracture zone; 400X 

YS 143 KS! 

UTS = l !:i 5 KS! 

Kie= 63.6 KSlm 

, 
, 

~ ... 
<" .. • ,Jf 

t'I ..... 
• 

' I ,. 

t 

, ~ 

Fi gu 1·e 26 
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i- Al-6 -25n Condi ion 0 , AC, STOA 

a) Liqht micrograph; 500X 

h,c,d) Precrack zone; 340X, 3600X , 14000X 

I', ,q) Fa iquc to fast racture transi ic,n; 

3 ox, 14 ox . 1450), 

n) rast ractur zone; 1450X 

= 148 r.~J 

= 162 SI 

= 60. 8 51,-T.;' 

Figure 27 
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Ti-6Al-GV-2Sn Condition E, AC, STOA 

a) Liqht microoraph ; 500X 

b,c) Precrack zone; 200X , 2000X 

d,e) Fa ti gue to fast f~acture transition; 
800X , 4000X 

f,q) Fast fracture zone; 20UX, 800X 

YS 148 KS! 

UTS = lbl KS! 

Kie= 56.5 KS!nn 

Figure 28 
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Ti-6Al-6V-2Sn Condition H, AC, SlOA 

a) LiQht microqraph; SOOX 

b,c) Precrack zone; 3400X, 6800X 

d,e,f} Fatigue tc fast fracture transition; 
340X, 1400X, 3400X 

g,h) Fast fracture zone; 340X, 1400X 

YS = 150 KSI 

UTS = 164 KSI 

K1c = 55.2 rs1/rn 

Figure 29 
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I 

Ti-6Al-6V-2Sn • , ANN Condition A AC 

micrograph; 500X a) Light • 

b,c ,d) Fatigue to fast fra aoox 4000X 20 ct ure trdnsition· 
I I OOX • 

e,f) Fast fr ' ., , 2000X acture zone· sonx 

VS = 145 KSI 

UTS = 158 KS! 

Kie = 50.4 KS!fin 

...., 

~ 
' • . I 

~~ 

. ; = 
, -~ 

. b ,. ... 

Figure 30 
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d 

Ti-6Al-6V-2Sn Condition A-1, AC, AtJN 

a) light micrograph; SOOX 

b,c,d) Precrack zone; 800X, 4000X , 4000X 

e,f,q,h) Fatigue to fast fracture transition; 
160X, 800X , 800X, 2000X 

i,j) Fast fracture zone; 800X , 2000X 

YS = 149 KS[ 

UTS = 159 KS! 

Kie= 49.4 KSI/Tn 

•;-, --- I i 
, . ... .. 
• 

! 

... ,, ~ .. 
• .. • ,t!'fl,i; ,. - ~/.-

• "' 1 '" • •.:-., , .. 
.. "- . ...... -~. 

j •"!!. •" 
• •1; . ' l~~::::fl-: • t. • • , -~ ' . • . ' - ~ .. cl.J 

Fi gure 31 
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Ti-6Al-6V-2Sn Condit 

b,c) Precracr zone; 800 4000Y 

d,e,f) Fatigue to fast 
400X, 800X, 2000 

g,h,i,j} Fast fracture zone; 400X , 
400X, 800X 

YS = 154 KS! 

UTS = 165 KS! 

Kie= 40.4 KS!lin 



Co ndition 8, AC , STOA 

graph; SOOX 

~ zone; BOO X, 4000X 

to fast fracture transition; 
8QQX, 2000X 

frac ure zone; 400X , 1600X , 
I 800), 

Im 

~ 
~ . 

• 4 
., 

•· ~ . 

' 

"~ . , .. . ·-

Figure 32 
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Ti-6Al-2Sn-4Zr-6Mo Condition G, STA 

a) Light micrograph; soox 

J) Precnck zone; 

c,d,e) Fatigue to 
40X, aoox, 

f) Fast fracture; 

VS = 152 KSI 

UTS " 174 KS I 

Kie= 51.4 KS!lfii 

Figure 33 

2000X 

tast fracture 

2000X 

BOX 

transition; 
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Ti-6Al-2Sn-4Zr-6Mo Condition E, STA 

a) Light microg1aph; 500X 

b,c) Fatigue to fast fractur~ transition; 
aox, aoox 

d,e,f) Fast fracture zone near the 
tra~sition; 2OOX, BOOX, 2OOOX 

g,h) Fast fracture zone; BOX, BOX 

VS = 155 K!il 

UTS = 171 KS! 

Figure 34 
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Ti-6Al-2Sn-4Zr-6Mo Con~ition C, STA 

a) Light micrograph; 5QOX 

b,c) Precrack zone; 400X, 2000X 

d,e,f) Fatigue to fast fracture transition; 
400X, 2000X, 2000X 

g,h) Fast fracture; 400X, 2000X 

YS = 159 KS! 

UTS = 175 KS! 

K = 40.5 KSI/in • le 

l 
1 

~ - ~ . , 
. 

f • • .,,,,., '; ' • -·~!, '. ' 
'"':~, 

,':.i.:M:-. .• 
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,, .... 

Figure 35 
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~ 

T1-6Al-2Sn-4Zr-6Mo Condition D, STA 

a) Light micrograph; 500X 

b,c,d} Fatigue to fast fracture transition; 
160X, 400X, 1600X 

e) Fast fracture zone; 1600X 

VS = 161 KSI 

UTS = 175 KSI 

Kie= 36.4 KSI/fn 

..... 

-IJA,., 
;• .. *el. 

. V-

Figure 36 
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Ti-6Al-2Sn-4Zr-6Mo Condition F, STA 

a) Light micrograph; 500X 

b,c,d,e) Precrack zone; 400X, 2000X, l50X, 

600X 

f,g,h) Fatigue to fast fracture transition; 
400X, 2000X, 2000X 

i,j) Fast fracture zone; 400X, 4000X 

VS = 161 KSI 

UTS = 177 KSI 

Kic = 31.6 KSili'n 

Figure 37 
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Ti-6Al-2~n-4Zr-6Mo Condition A, STA 

a) Light micrograph; SOOX 

b,c,d) Fa~igue to fast fracture transition; 
2COX, 800X, 2000X 

e,f) Fast fracture zone; 400X, BOOX 

VS -= 162 KSI 

UTS-= 176 KSI 

Klc = 30.4 KSI,fri 

Figure 38 
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~4. ~~ 

Ti-6Al-2Sn-4Zr-6Mo Condition A-2, STOA 

a) Light micrograph; 500X 

b) Precrack zcne; 2000X 

c,d) Fatigue to fast fracture transition; 

400X , 2000X 

e ,f,g) Fast fracture zone; 200X, 800X, 

2000X 

VS = 148 KSI 

UTS = 158 KSI 

Kie= 27.l KSilin 
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Figure 39 
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- ~ 

Ti-6Al-2Sn-4Zr-6Mo Condition A-1, AIH 

a} Light micrograph; SOOX 

b,c) Precrack zone; 2000X , 4000X 

d,e) Fatigue to fast fracture transition; 
400X, 1600X 

f,q) Fast ~racture zone; aoox , 2000X 

YS = 148 SI 

UTS = 161 KSl 

~le= 26.7 KSI/fn 

:..i,_a· --- j '3fl-~ 
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Figure 40 

.,. 
• -. . 

. ' 

-:-~~ ,f~ .. .. ·-' 



Preceding page blank 383 



~ .I -,•/I 

' . 

• 

' 

, ­.., . ..., .• ~ 
' ~ -., 
... 

~] 

~~ ~l.:i!!r: ~ ~"' 

' ,. 

' .t1~1•' 
t ~ ­.. . 
~~· • ·!WI 

Ti-6Al-2Sn-4Zr-6Mo Cond1t1on 0, ~TA 

a) Liqht micrograph; 500X 

b,c} Precrack zone; 800X, 4000X 

d,e,f , Fatigue to fast fracture transition; 

200X, BOOX, 2000X 

g,h) Fast fracture zone near the transition; 

800X, 4000X 

i ,j) Fast fracture zone; 800X, 4000X 

YS = 167 KSI 

UTS = 180 KS! 

K = 24.8 KS!,Tri 
le 

l .i-" ... lb' -- • -

,, 
! .. 

"'= '"--~ I~~ ~ . 
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Figure 41 
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Ti-6A1-2Sn-4Zr-6Mo Condition B-2, STOA 

a) Light micrograph; 500X 

b,c ) Precrack zone; 800X , 4000X 

d,e ) Fatigue to fast fracture transition; 

16DX, aoox 
f,Q) Fast fracture zone near the transition; 

BOOX, 2000X 

h,1 , Fast fracture zone; 400X, 2000~ 

VS = 155 SI 

UTS = 166 KS! 
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Figure 42 
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Ti-6A1-2Sn-4Zr-61o Condition B-1, ANN 

a) Light micrograph; 500X 

b,c) Precrack zone; 800X, 2000X 

d,e) Fatigue to fast fracture transition; 800X, 1600X 

, ,g} Fast fracture near the transition; 

80GX, 4000X 

h,i) Fast fracture zone; BOOX, 4000X 

YS = 154 KS I 

UTS = 164 KS! 

Klc = 22.7 KS!nn 

Figure 43 
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