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FOREWORD

This report describes a development of damage-tolerance T -6A1-4V alloy plate and sheet
performed by the Boeing Commercial Airplane Company (BCAC), Seattle, Washington
from iS June 1975 to 31 July 1978 under Air Force contract F33615-74-C-5176.

This work was sponsored by the Air Force Materials Laboratory (AFML) under the
technical direction of Mr. C. L. Harmsworth. The program was conducted by the Boeing
Material Technology group of BCAC under the supervision of D. D. Goehler , program mana-
ger , R. R. Boyer , principal investigator , and R. Bajora itis, test design and coordination and
W. F. Spurr , technical consultant (formerl y with BCAC).

This report was submitted by the authors on July 28, 1978.
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1.0 INTRODUCTION

The mechanica l properties of t i tanium alloy Ti-bA l-4V can vary dran iat ically , yet meet cur-
rent industry specification requirements for mill processing and tensile properties. The var i a-

• tio ns of mechanical properties present a problem in using t i t an ium alloys effectively, sin ce
designs are usually based on the lower range of mechanical properties. Consequently , most
aerospace companies have had to write more stringent t i tanium specifications for Ti-6A l-4 V
alloy applied to the more critical components.

Documentation to date of properties showing greatest variations includes fracture toughness ,
stress-corrosion resistance (k l5ç~ ). and environmental fatigue crack propagation ( FCP) rates.
The wide variati ons in properties have been directly related to three primary metallurgical
va riables: microstructure , composition , and basal pla ne crystallographic texture (refs. I .  2) .
Of these . m ic rost ru ct u re and te x tu re are directly controlled by the thermal and mechanical

• p rocessing 01 the alloy.

Some data in the l i t erature ha v e shown fatigu e crack ini t i a t ion  to also he controlled by tex-
ture and micro stn.icture . Until  now , no systematic study had been conducted to collect and
generate sufficient statistical data so that valid relationships can be established between p ro-
cessing and mechanical properties. Once these relati onships were determined , they cou ld be
used to develc ’p a materia ls specification covering a premium-grade Ti-bA I-4 V material pos-
sessing consistently superior fatigue and damage-tolerant properties.. The primary purpose
of this A ir Force program was to ultimately produ ce speci f icatio n s o f this n ature for sheet
and plat e .

The overall objec tive of this program was to determine valid relationshi ps between alloy com-
position , mill processing. m icrostructu re , and properties leading to the development of
specifications for premium- quality Ti-bA l-4 V mill products.

Major testing emphasis was placed on notched fatigue testing and envir onmental FCP charac-
te ristics , si nce previous programs have reasonabl y established relationships between fracture
cha racteristics and metal lurgical variables. The program was divided into three phases . Phase
I was conducted to determine the effects of heat treatment variations and mill processing on
notched fatigue, environmental FCP, plane strain fracture toughness , and tensile strength.
Phase II extended the testing of Phase I t o  include effects of vari at ions in alloy composition
allowed by MIL-T-9046 and MIL-T-9047 , using the optimum thermal and mechanical pro-
cessi ng established in Phase I . Phase II also included drafting prelimina ry sheet and plate speci-
t ìca ti ofl s from which to obtain industry comments. Damage-tolerant and fatigue design data
suitable for inclusion into MIL-H-5 for the optimum alloy composition and processing deter-
mined in Phases I and II were generated in Phase Il l .  Finally, specifications were developed
for a damage-tolerant grade Ti-6Al-4 V alloy providing consistently high fracture and fatigue
prope rt ies su itable fo r bu ilding a su per ior air fram e st ruct ur e.

This final report describes the overall program , briefl y reports the highlights of Phase I
(already reported in ref. 3), summarizes the results of Phase s II and Il l , and contains suggested

S procuiement specifications for premium-grade damage-tolerant Ti-6Al-4V alloy plate and
sheet. 
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2.0 PROGRA M GOALS AND APPROACH

• The overall objective of this program was to optimize the thermal and mechanical processing
and define an optimum Ti-6A 1-4 V composition that will consistently produce high fatigue
and damage-tolerant properties. As an end result , a specification was prepared fo r th is
damage-tolerant grade material to adequately control thermal and mechanical processing
and resulting properties. The overall program divided into three phases, is shown in the
master flow chart of figure 1 -

2.1 PHASE I

A systematic study to establish the relationships of Ti-6Ai-4V microstructural variations,
including crystallographic texture , to fatigue crack initiation and propagation was conducted.
The objective of this program was to determine the effects of various thermal and mechanical
processing on Ti-6Al-4V notched fatigue properties and environmental FCP. A total of 24
material conditions were tested. The n~icrostruc tura l appearance and basal plane crystallo-
graphic texture were characterized and related to resultant mechanical properties.

The fatigue life of each material condition was determined using tive notched fatigue specimens
- • (K 1 = 2 -53 ) tested at a single stress level (U

g
) of 50 ksi and stress ratio of 0.05. This numbe r of

fatigue specimens provided statistically valid data for log average life. The stress level of 50 ksi
• is conside red sufficientl y low to be comparable to service stresses , yet sufficiently high t o

minimize the high data scatter associated with stress near the endurance limit. Typical fatigue
• failures at this stress level occur in the neigh borhood of l0~ cycles. The stress concentration

factor of 2 .53 was selected since it is considered comparable to fastener holes of airframe
• st ructure.

The heat treatment and material variables studied are outlined in the flow chart for Phase I
shown in figure 2. The full range of times and temperature s for low-temperature annealing in
accordance with MIL-l-l-8 l 200A were investigated. Solution anneals (with both air and fur-
nace cools) from 1675°F to beta transu s minus 30°F and beta annealing were also studied.
Beta annealing was done at 1900° F and 2200°F and included air cooling (AC) and fu rn ace
cooling (FC ) . All solution and beta anneals were followed by a 1350° F for 2 hours stabiliza-
tion treatment.  Air cooling and fu rnace cooling from the solution annealing temperature
result in different microstructures. It is common practice to refer to two-stage anneals (regard-
less of cooling rate ) as duplex anneals (DA) . To distinguish the two different structures, the
fo rmer will be referred to as duplex anneal and the latter as recrystallization anneal.

Strengthening treatments involving solution treating and water quenchir1g plus aging (STA)
were not included in this program since they usually cause manufacturin g problems associated
with distortion and residual stress, and they produce low toughness and h igh FCP rates.

The majority of the thermal processing variations were evaluated using as-rolled plate to
eliminate the effects of previous thermal processing. The alpha-beta cross-rolled plate supplied
by the Air Force was used to evaluate effects of variations in crystallographic texture and
thermomechanical processing. Heat treatments applied to the sheet material were limited to
those below the beta-transus temperature . Beta processing of Ti-6A 1-4V sheet was found to
be highly detrimental to formabilit y (ref. 4) . Some heat t reatment conditions , to be used
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as a reference base, were applied t o both plates.

The test results were evaluated with the aim of selecting optimum heat treatments for both
plate and sheet. Althou gh the testing emphasis was placed on notched fatigue and , to a lesser
degree , fatigue crack propagation , heat treatment selection was also based on previousl y gener-

3 ated data for fracture toughness and stress-corrosion resistance. Overall performance poten-
tial for damage-tolerant and fat igu e design governed th e selectio n .

2.2 PHASE II

The obj c~tive of Phase II was to extend the Phase I effo rt to include variations in composition.
Oxygen content was the primary variable in this analysis. Three oxygen levels of plate were
evaluated , all within the limits specified for Ti-6A i-4V in MIL-T-9046 and MIL-T-9047. Due
to cost constraints and material avail ability , only one sheet composition was tested in this
phase of the program. The materials were heat treated in accordance with the treatment
found in Phase I to provide the most damage-tolerant structure for each product form.

A fi rst draft of specifications for the damage-tolerant Ti-6Ai-4 V sheet and plate were assem-
bled and coordinated with industry (potential users and suppliers ) for comments.

2.3 PHASE Ill

The objectives of this phase of the program were to ( 1)  generate data on material procure d
with the optimum composition and heat treatment for each product form to demonstrate

• the da mage-tolerant nature of the material , and (2 )  write suitable specifications for procure-
ment of premium- grade damage-tolerant Ti-6A1-4 V sheet and plate incorporatin g appropriate
i ndustrial comments  or techn ical modifications obtained from Phase II .

The data generated included notched and smooth fatigue , fracture toughness (K lç and Kr ).
fatigue crack growth rate in air and 3.5~ Nafl . and the stress-corrosion cracking threshold
( K j s(.c and K SCC). The data are presented in accordance with MIL-H- 5 , “G uidelines for
Prese n tat ion of Data ,” Chapter 9.
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3.0 TEST PROCEDURES

Procedures used for specimen preparation , handling, and testing are described in this section.

3.1 SPECIMEN PREPARATION

Tensile properties were determined using two smooth tensile specimen configurations shown
in figures 3 and 4. Static fracture toughness tests were conducted using compact tension
(CT) specimens (fig . 5). Fatigue crack propagation tests of plate were conducted using DCB
and compact tension specimens shown in figures 6-8. FCP testing of sheet material was
accomplished using the center-notch panel (CNP) specimens illustrated in figures 9 and 10.
Fatigue tests were conducted using flat center-hole fatigue (CHF) specimens shown in figure
II, smooth fatigue specimens shown in figure 1 2 , and lap splice specimens shown in figure 13.
Stress-corrosion testing of the plate (Ph ase I l l )  was done using the DCB specimen shown in
figure 14. Stress-corrosion testing of sheet utilized the CNP specimen configuration of figu re
10. Four surface flaw specimens (fig. 15) were fabricated at Boeing and submitted to AFM L
for FCP testing.

All specimens were fabricated using conventional sawing and milling processes outlined in
Boeing process specification BAC 5492 , “Machining and Cutting Titanium. ” CHF and lap
splice specimens were finish ground using the low-stress grinding process specified in attach-
ment 2 to RFQ F336 1 5-75-R-5 I 76. This grinding process for the CHF and lap splice specimens
is discussed in reference 3.

3.2 HEAT TREATMENT PROCEDURE S

All materi al was heat treated in an air furnace. Each piece of material (heat treat blank) was
individually therm ocoupled and monitored throughout the heat treatment cycle. The tem-
perature was maintained within ± 5°F of the reported temperature .

The beta transus was determined by heating individual specimens at temperatures above and
below the anticipated beta transus with a 20-minute hold time , water quenching, and metallo-
graphically examining them to determine at what temperature the materi al passed through the
beta transus. The temperatures in the range from 1 775 to 1835°F at 10° F increments were
used. A low-temperature age i i  150 or 1 200°F) was employed following the solution treat-
ment to enhance the etching characteristics of the material to facilitate the examination.

3.3 TESTING METhODS

The procedures for the various types of tests are outlined below.

3.3.1 TENSILE TEST

Tensile specimens were tested in a 20-kip Baldwin model 20B-1040 universal test machine
per ASTM E8. Elongation was measured over I inch on round specimens ( fig. 3) and over a
2-inch gage length on flat specimens (fig. 4).
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3.3.2 FRACTURE TOUGHNESS TES T

Fracture toughness of plate was determined wi th  compact tension specimens that  were pre-
cracked in a 30-kip vibraphore fatigue test machine at 4500 cpm and tested for fracture tough-
ness per the AS1 M method of test for plane strain fracture toughness of metallic materials
( E399-72) .

Fracture toughness ot sheet was determined using center—not c hed panels ( C N P )  shown in figure
10. The ~iic of t he panel was dictated by the amount of materia l  available , as well as t he
req uirement that  the ratio 01’ net urea stress to yield strength he less than 0.8. The total crack
le ngth (2a )  was kept at one-third ti le panel width. For these conditions , the pa n el width  W
mu st obey the following:

W ~ 5.~ l (K(.fVS)~
The center-notched panels are tension-tension fatigue cycled to grow the fatigue crack from
0.5 inch. After fatigue cycling, the panels were fracture tested in room-temperature air at a
stress rate of 1 000 psi sec . is calculated from tile to llowing equat ion:

= °g ira tan

The lust ternl here is ~he finite panel s u e  correction tud or and is 1.06 for a I 2-inch-wide
pane l w ith  2a W = 0.35. The calcul at ion of K(- was based on maximum failure load and t he
initial fatigue crack length (a) prior to dynamic loading at 1000 psi sec.

3.13 FAT I GUE TEST

In Phases I and II. center-hole-notch fatigue specimens 11g. I I) were tested at 50-ksi stress
(gross area). 0.05 stress ratio , and 1 800 cpni on a Sontag model SF- b -U test machine; lap
splice specimens (fig. 1 3) were tested at 30-ksi stress (gross area ~. 0.05 stress ratio , and 1 800
cpm on the same test machine. In Phase Ill, center-hole and smooth fatigue specimens were
tested at a cyclic frequency of 1 800 cpm and stress ratios of 0.05 . 0.5. and — 1 .0 to develop
data for constant-life diagrams.

3.3.4 FATIGUE CRACK PROPAGATION TEST - -

hitigue crack propagation rate tests were made in air and 3.5~ aqueous Nafl solution. Pre-
cracking was accomplished in a fatigue machine at 1 800 cpm. The fi rst increment of crack
propagation was induced using a constant peak cyclic load slightly greater than the load used
to precrack the specimen. The stress ratios used were 0.5 and 0.05; the cyclic rates were 60
and 6 cpm for the plate only 60 cpm was used for the sheet ) . After sufficient data at a given
load were obtained , the peak cyclic load was increased by approximately S ksi . and the next

• increment of crack growth was induced. This procedure was repeated for thre e to six ~ K
levels in air and Nafl solution.
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3.3.5 STRESS-CORROSION RESISTANCE

Stress-corrosion tests were made using DCB specimens for plate ( fig . 14) and CNP specimens
for sheet (fig. 10), and a sustained loading techni que in an environment of 3.5% aqueous NaCI
solution. The specimens were fatigue precracked and sustained loaded for 60 minutes mini-
mum at a lower level than the anticipated threshold K. When the specimen did not fail , it
was re- fatigue-c racked and reloaded at a higher K level. This process was repeated until fail-
ure occurred.

The specimen was re-fatigue-cracked between sustained loadings to eliminate any chemical or
electrocheinical passivation effects at the crack tip, as well as to eliminate plastic yield zone
effects on the stress-corrosion cracking mechanism. Uere , the K level during fatigue cracking
was kept at a lowe r leve l tha n the nex t sustai ned load. This prevented a large plasti c y ield
zone from inhibiting stress-corrosion cracking. Past experience has shown that when the
fatigue K level is higher than the level used in the subsequent sustained load test , the
“th reshold” can be erroneously tested to be much higher than its actual value. To ensure
no plastic zone effect , the length of the fatigue crack was usually kept at a minimum of
t I / f l )  (K f.It i gtIe fTYS) 2

~ 
which is twi ce th e amoun t generally accepted as the radi us of the

plastic yi eld zone. The number of re-fatigue -cracking steps and hence the number of sub-
sequen t sust ained load in gs were rest ricted to keep t he ratio of crack le ngth to specimen
width at generally 0.5 or less. The minimum sustained loading time of 60 minutes was jus-
tified on the basis of 484 specimens tested during the SST program (re f. 4) . Figu re 16 is a
plot of time to failure versus cumulative percent of failure from that reference , wh ich shows
that 9W~ of the specimens that failed did so before 60 minutes.

The thresh old values were determined using the highest no-failure and lowest failure loads.
Using the one specimen and re-crackin g approach , there would be only one failure level. For
example , if a specimen did not fail at a K of 40 but failed at a K of 50, an approach would be
to simply call the threshold value 45 , keeping in mind that the accuracy would be ± 5
ksi 5/ii~. A refinement of this approach was used that considered the time the specimen
took to fail at the failure level. If , for example, a specimen did not fail at 40 but failed at
50 in 59 minutes , the actual threshold would be closer to 50 than 40. By analyzing the shape
of many failure curves, a series of factors was developed to permit this refinement. The
details of this procedure are given in appendix A of reference 1.
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4.0 RESULTS AND DISCUSSION

4.1 PHASE I

The results of Phase I have been presented in detail in an interim report (ref. 3). Heat treat-
ment study variations ranged from mill annealed (MA) covering the ranges of time and tern-
peratures allowed per MIL-H-8 1 200, duplex and recrystallize annea l s(DA and RA , respectively),
and beta annealing (BA). The DA and RA heat treatments are differentiated by the cooling
rate from the fi rst annealing temperature , air cool for the former and furnace cool for the
latter. Briefly summarizing the Phase I effort , beta annealing was selected as the best damage-

• tolerant thermal treatment for plate and a sub-transus dupl ex anneal was selected for sheet.
Beta annealing was not considered viable for sheet because ( I )  formability is a consideration
for sheet and beta annealing significantly reduces it , (2) there is concern with thin sheet gages
that a single prior beta grain could span the thickness of the sheet , and (3) the increased chem-
milling required after beta annealing (as opposed to sub-transus annealing) for sheet gages
represents a significant material loss. 

-

A number of compromises and tradeoffs were considere d in the selection of beta annealing
for the plate. The fatigue life is reduced substantially, at least for simple tension-tension
tests, and there is considerable concern of premature crack nucleation associated with a large
alpha colony size (re f. 5) . However , with the philosophy of AFFDL (ref. 6) being that 95%
of the fatigue life in aircra ft structure is spent in crack prop agation , beta annealing was the
logical choice. This trea tment provides the slowest crack growth rate and maximum toughness.
(Beta-quenched material has been shown to have slower fatigue crack propagation character-
istics ( ret ’~7), but water-quenched treatments were not considered due to the inherent distor-
tion and residual stress problems. The same reference indicates BA and RA material to have
equivalent toughness. That was not the case in this investigation; the BA was significantly
superior to the RA condition.) The beta-annealed material will require a strength decrease of
about 10 ksi , but the FCP and toughness properties are much superior to those pre sently
attained when purchasing to MIL-T-9046.

An additio nal advantage tn beta annealing p late is that t his tr .atment reduces the crystallo-
graphic texture. Less anisotropy of properties is thus associated with beta-annealed material. .

Selection of the optimum thermal processing for the sheet was more difficult , as only minor
differences in the test data for the various processing conditions were observed. Ultimately,
a DA of beta transus minus 50°F, 30 miiiutes, air cool plus 1350°F, 2 hours , air cool was
selected. The decision to use this heat treatment was based on three primary considerations:
( 1)  microstructure-properties relationships established for plate , i.e., as annealing temperature
increase d (increasing the amount of transformed beta), fracture toughness and FCP character-
istics improved. Hence , the annealing temperature is close to the beta transus but low enough
to ensure that it does not go over the transus. (2) Previously generated fracture data for
sheet. (3) Practical mill processing considerations.
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The conclusions drawn in Phase I were:

I. Strength is reduced by increasing the primary alp ha or prior beta grain sizes and by
increasing the amount of transformed beta (acicular alpha-beta).

2. Resistance to fatigue crack initiation is enhanced by reducing primary alpha grain size,
by increasing the ratio of primary alpha to transformed beta, and by reducing the degree
of basal plane texture .

3. High fracture toughness and good fatigue crack propagation characteristics arc associated
with low ratios of pri mary alpha phase to transformed beta, large primary alpha grain
size , and large prior beta grain size, hilly acicular microstruct ures provided maximum
damage-tolerant characteristics.

4. Fracture toughness, fatigue crack propagation characteristics , and resistance to fatigue
crack initiation can be reduced by texture effects: i.e.. whe n the stress direction is normal
to the greater number of’ basal planes.

5. High-temperature processing of Ti—ÔA 1—4V results in high fracture toughness and low
l~itigue crack 

propagation rates. Annealing above the beta transus produces th e  best
damage-tolerant characteristics . hut moderate strength and notched fatigue properties.

6. Low-temperature processing results in high strength and good notched fatigue character-
istics. hut  low fracture toughness and high rates of fatigue crack propagation.

7. Beta annealing is the op t im um thermal processing for Ti-bA l-4 V plate used in the fabri-
cation of a i r f rame damage-tolerant structure . Duplex annealing is the opt im um pro-
cessing for sheet mater ia l .

4.2 PHASE II

The objective of Phase II  w .ts to determine the effects of chemistry variat ion (primari ly oxv-
gen) .  u t i l i z in g  the heat t r ea tmen t s  generated in Phase I . to provide a basis for the composition

• l imi ts  for the specification to he written. In addition, the first draft of specification for  sheet
and plate products was wr i t ten  and coordinated wi th  the aerospace industry (suppliers and
poten t ia l  users) .

• 
- 4 .2. 1 M ATERIALS

l’hree T i- (Al ’4 V plates of varying composition and one sheet were tested in Phase II .  The
4 m aterial  was coded according to product form (P for plate and S for sheet) and oxygen content.

• 
Thus. P08 designated plate wi th  nominal ly  0.08~ oxygen and SI S designated sheet with 0.1 ~~
oxy gen .  -rlie chemical composition of these materials is listed in table I - The discrepancy
between the Boeing and Timet oxygen contents on P08 cannot be explained. The Boeing
analyses are extremely low . hut  they are consistent.  The Boeing and vendor data  correlate
reasonably well (or the other material  heats. Beta transus for the plate was not determined .
It was all annealed at 1 900°F. At tha t  temperature . we could be assured that  we were over

• the beta transus, yet it was not hi gh enough to cause excessive grain growth.
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The P08 and P 18 materials were conventionally alpha-beta cross-rolled and annealed in accor-
dance with MIL-T-9046F. These plates were subsequently beta annealed at 1900°F 20
minutes AC + 135 0 °F / 2  hours/AC. The microstructure s of the as-received con dition and
following the beta anneal are presented in figure s 17-19 . It can he seen that P18 is heavily
banded ( f i g .  l8) .  Some areas have a BA structure , while other areas are indicative of an MA
microstructu r e The handing was e l iminated with the BA. Basal plane pole figures for P08
and P 18 prior and suhsequent to th e beta annea l are i l lus t ra ted  in figures 20 and 2 1

lh e  P1 I p la t e  ~ j s aipha -h eta rolled and beta annealed. The microstructure and t ex tu re  of this
mater ia l  are i l lus t ra ted in figures 22 and 23. This plate was re-beta-annealed to assure that
all thr ee p la tes  had the same beta anneal.  The ini t ia l  annealing temperature is not known .

[lie texture-control led sheet material  was produced under  a previous Air Force contract (ref.
Si .  I l i i s  sheet was supplied to Boeing by the Air Force to evaluate th e effect of tex ture . It
has a strong basal plane texture , as i l lustrated in figure 24. Microst ructures of the MA (as
received ) and I)..~ conditions can he seen in figure 25.

4.2.2 RISUL .TS AND DISCUSSION

l’[opertk’s es alu ated in this  phase of the program included tensile, fatigue (center—notched
and Lip splice ) ,  fracture toughness , and FCP rates in air and 3 ~~ Na ( ’l . The tensile , fat igue ,
and to u gh ness data are summarized in table 2.

On l~ one clear t rend is evident in table 2 . the strength increases with increased oxygen con-
ten t .  already a well-established fact.  (The tensile and fatigue specimens in this phase of th e
progr am were :ull stressed in the transverse direction.)

N e i t h e r  the notched fatigue nor the lap splice data exhibi ted trends as a funct ion of the oxygen
level ~ hen the Phase I data  are included. ( The lives of each specimen are contained in appendix

-
~~~. I he data max ’ he related to microstructure . but the relationship is not o hV iQt !S . Prior
beta grain ‘~iie and alpha colony packet size were measure d and are displayed in table 3.
There is an in~erse prior beta grain size-notched fatigue life relationship that  can be seen when
comparing tables 2 and 3. There is not, however, nearly enough data nor a large enough spread
in grain si/ c to discern if this apparent trend is real.

The absence of an oxygen-fatigue life correlation led to testing of the lap splice specimens. It
was decided to use a specimen more closely simulat ing aircraft structure , a 1 0-fastener lap
splice specimen. No trend as a function of oxygen was observed in fatigue life from this test
either , except that the fatigue lives observed in this test fluctuated in the same fashion as in
the center-notched fatigue test. In this case, no trend with regard to prior beta grain size was
observed.

Fracture toughness did not vary significantly with oxygen content. The value for P 1 1  was
significantly higher than the others , although it was an invalid value , A decrease in wi th
increasing oxygen was anticipated. The high toughness ant icipated for the P08 material ,
compare d to the P 11 material, may have been masked by the invalidity of the test.
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BA Condition.
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Banded Nature of the Plate. (a) Macrophotograph Indicating Banding. (b) A
Portion of the Plate /ndicatin,q a BA Structure , and (c) A Portion of the P/ate
Ex hibiting an MA Structure.
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Table 3.—Prior Beta Grain Size and Alpha Colony Packet Size for Phase II Plate

Oxygen content , Prior beta grain Packet size ,
weight % size ,Q~~, in pm in pm

008 562 47 
-

0.11 620 74

0.18 671 48

NOTE: Prior bet a grain size determ ined in accordance with ASTM
— El 12 except that the fields of view did not contain 50 grains. I

Three randomly selected fie ld s of view were used, providing
a total of about 50 prior beta grains in the determination. I
Packet size was determined using the linear intercept Jtechnique. , -
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The lower yield strength of the P08 material (i.e., 114 versus I 26 ksi) results in greater invalid-
ity and a more conservative value. Linear regression analyses using data from numerous heats
of the various product forms (sheet , plate , ext rusions, and bar and forging stock) all indicate
a negative oxyge n effect on K 1ç (and K tscc ) , i.e., increasing oxygen decreases the toughness
and stress-corrosion resistance (re fs . I , 2) . Regression analyses of the air toughness were only
run on extrusions and bar and forging stock. These analyses did show a negative oxygen co-
efficient for both product forms (beta-annealed condit ion ) . It seems reasonable to assume
that the same trends would occur for the plate product. K iS~~ data for SST plate (fig. 26)
shows a definite trend with oxygen. The DOT-SST follow-on program data are considered
important to this program, to aid in selection of a maximum oxygen content for the specifi-
cations, due to the number of heats involved. Use of these data aids in smoothing out effects
due to data scatter , wh ic h cann ot be assessed when evaluating only three or four heats of
material as in this study.

A pronounced dro p in K J(’ as oxygen was increased from about 0.1 2 to 0.18 weigh t percent
was observed by Chesnutt (ref. 9) for beta-quenched Ti-6A 1-4V. The fracture toughness
dropped from 90-100 ksi~ /ii~. at the lower oxyge n level to 62 at the higher oxygen con te n t.

— Similar behavior was observed for RA material s.

The da/dN testing in this phase of the program was conducted in the ~ K range of approxi-
mately 1 5-30 ksi 1fTii . at a frequency of 1 Hz and R 0.05. Only the T-L specimen orienta-
ti on was tested. Initial testing of the plate material was done using DCB specimens. These
data showed considerable scatter in the 10-20 ~ K range (these data are contained in the appen-
di x) . This is at tr ibuted to the difficult y of accurately measuring the crack length in the side
groove of the I)CB specimen. Compact tension specimens were machined and the specimens
ret ested.

The FCP data also exhibited erratic behavior as a function of oxygen content (fig. 27). The
P11 material had the slowest crack growth rate , in both air and salt. P08 and P18 displayed
similar crack growth behavior in air , and P 18 had the fastest growth rate in salt water. Yoder
et al. ( ref. 10) also studied the crack growth rate in air of beta-annealed Ti-6A1-4 V as a func-
tion of oxyge n content and reported similar results with regard to oxygen , i.e., no trend. They
were, however , able to estab lish a correlation of the FCP rate to packet size; as the alp ha
packet size dec reased , the crack propagation rate increased. They also reported a knee in their
da ’dN curves related to the transiti on from microstructurally sensitive crack growth below the
transition from microstructura lly insensitive growth above the transition point. They observed
that this transition occurred at the point where the reversed plastic zone size approximated
the Widmanstatten packet size. This will be discussed more fully later in conjunction with
the Phase Ill  data. The FCP rate-packet size relationship derived by Yoder et al. does appear
to apply to the Phase II data (compare fig. 27 and table 3). P11 has the largest packet size
and lowest growth rate. P08 and P18 have similar packet sizes and exhibit similar FCP rates
in air.

The Phase I FCP plate data fell within the scatter band of the Phase II data.

No significant effects of the basal plane texture of the sheet evaluated in this phase of the
program were observed. The properties were very similar to those observed in Ph ase I
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Figure 27.—Fatigue Crack Growth Rate in Air and Aqueous 3.5% NaCI as a Function of ~K for
Phase II Plate Material (T- L Orientation).
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(table 4 and fig. 28). The lower strength of the Phase II sheet can be related to the lower
oxygen and aluminum con ten ts of t h is material as opposed to t he Ph ase I sheet. Agai n ,
the Phase II data fell within the Phase I scatter band.

4.2.3 CONCLUSIONS

Based on the data generated in this phase of the program , there was no basis fo r selecting a
maximum oxygen level for premium-quality , damage-tolerant Ti-6A1-4 V . The decision (to
require super ELI quality, 0.11 maximum oxygen) was therefore based on previous data
generated during the DOT-SST follow-on program (re fs. I and 2) where data from a larger
numbe r o ’ heats with widely varying oxygen contents were available. Rockwell International
(ref. II) also reported decreasing K j~ with increasing oxyge n levels. In addit ion , the re is a
general feeling throughout the industry that higher oxygen contents are generally associated
with poore r fracture properties. While a slight drop in strength is attendant with a super-ELI
material , it is felt that there is sufficient data that indicate that the greatest assurance of
achieving the maximum fracture properti es require s specifying super-ELI material. This is
particularly applicable if environmental factors are taken into consideration.

W ith this in mind, first drafts of specifications for sheet and plate were written and sent out
for coordination throughout the aerospace industry . These specifications also contained cross-
rolling requirements to minimize texture effects, making the products as isotropic as is feasible.
A piece of plate was then ordered from RMI to be processed in accordance with this specifi-
cation for testing in Phase III .  The sheet tested in Phase III  was sheet produced for the SST
program.

4.3 PHASE III

The objectives of this phase of the progra m were twofold: ( I )  provide specifications for p l-o-
curement of premium-grade damage-tolerant Ti-6A l -4V sheet and plate (the proposed speci-
fications are contained in appendix C), and (2 ) produce material ~n accordance with the pro-
posed specification and demor .strate the damage-tolerant nature of the material.

4.3.1 MATERIALS

4.3. 1.1 Ti-6Al-4 V Plate

The plate material was purchased fro m RM I . They had available a 4.75- x 26- x 63-inch slab
of Ti-6A 1-4 V containing approximately 0.1% oxygen. The process history to this stage was
as foll ows:

I .  Thirty-inch-diameter ingot was upse t at 2100° F.

2. The upset ingot was forged into a slab in three stages:

• First , at 192 5°F , it was forged to 16 x 16 inches in length. ‘

• Second . at 192~°F , it was fo rged to 8 x 16 inches in length , cooled , and conditioned.

• Third , it was cd to 4.75 x 26 x 63 inches at 1750°F , cooled , and conditioned .

I-
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Table 4.—Comoarison of Phase / and Phase II Sheet Data

1st anneal ’ Test TUS TYS , Elong ., Fatigue life ”
temp. , °F direc . ksi ksi % cycles x 10~

/3~.- 70 (Phase I) T 140.5 136 14 454.5

iJT- .50 (Phasell ) T 134.5 131 16 57

I 13i-.35 (Phase I) T 143 136 13 50.8

Anneal time 30 minutes fol lowed by an air coo l and a 1350°F/2 hr ./AC age.

- Log average life for center-hole-notched fatigue specime ns . 09 = 50 ks i , K t = 2.53, A = 0.05.
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Figure 28.—Phase / and Phase II Sheet Fatigue Crack Propagation Rates in Air and Aqueous
3.5% NaCI (T- L Orientation). Open Symbols = Air , Solid Symbols = 3.5% NaG!.
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The billet was then rolled , per our instructions , as ou tli ned below:

1. The billet was preheated at 1725°F . Before start of rollin g, the bil let tem pera ture was
1630°F. The billet was reduced from 4.75 to 2.65 inches in seven passes. The finish
temperature was 1480°F.

2. The billet was recharged into a 1725°F furnace for 15 minutes.

3. The billet was turned 90 degrees and finish rolled to 1.58 inch thickness in four passes.
Starting temperature was 1 600° F and finish temperature was 1 500°F.

4. The plate was roll-leveled in three passes and air cooled to room temperature . The final
cleaned-up dimensions were 1.50 x 48.00 x 95.94 inches.

- 
- 5. Th~ plate was beta anneale d at 18459F, 20 minutes , ai r cooled , and aged at 1350°F. 2

hours , air cooled.

The beta annealin g temperature was dropped to beta transus pIus 50°F ( I  845°F( from the
1900° F temperature used in Phases I and II in the int erest of minimizing grain growth and
contami nation losses. The RMI-supp lied cert ifi~~t~nn data for this material are contained in
tables 5 and 6. The microstructure and crystallographic texture of this material are illustrated
in figures 28 and 29 .

4.3 .1.2 Ti-6A1-4 V Sheet

The sheet material used in this phase of the program was material previously purchased by
Boeing ~for the SST program) with a nominal oxyge n content of 0.1 1%. Even though the
processi ng history is not well defined, t his material was used because the chemistry was close
to that desired and funding to purchase the custom-processed sheet was not required. This
sheet ( 0.128 x 28 x 203 inches in size) was conventionally alpha-beta rolled and duplex
annealed at 16 75°F /b minutes/AC + l350°F/4 hours/AC. The rolling temperatures and
amount of cross-rolling are not known. The RMI-supp lied certification data for the as-received
sheet are presented in tables 7 and 8. For this program , the material was again duplex annealed
a: 1730° F (beta transus minus 50°F)/ 10 minutes/AC + 1350°F/2 hours/AC . The resultin g
mechanical properties data are also included in table 8. The smal l difference in strength between
the longitudinal and transverse directions suggests that the sheet was not strongly textured ,
which was as desi red. The microstructures of this material as received and after re-heat-treat-
ment are presented in figu re 31. The basal plane pole figure for the Phase Ill sheet after heat
treatment is illustrated it ’ figu re 32.

4.3.2 RESULTS ANI) DISCUSSION

The properties evaluated during this phase of the program included:

I .  Tensile properties

2. Fracture pr Iperti es_K C, K IC, Kscc, ~~~~

-
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Table 5. - --Chemical Composition of Phase I/I  Plate Material

Alloying elements . weight percent

V Fe N2 C 112 ‘~‘

1.5-inc h p late 0 102 6 1 4 0  0_ is o.oio 0.02 0.048 <0005

Proposed 0 1 1  5.7- 36- 025 0.03 0.Of, 0.0125 0.005

specifica tion max . 6.? 4 4 max . max . max. max . max .

NOTE . Beta transu s was 1795°F
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Table 6.—Mechanical Properties of Phase Ill Plate Materiel

U’TS. ksi TYS , ks i Elong.. %

L T L T L T

1.5-inch pla te 134.6, 134.1 120.8. 121 .1 . 14. 14 12, 15
135.9 136.7 121 .8 122.5

Proposed 125 m m .  112 mm . 8 mm .

specification
requiremeflt

The average results of the tensile tests for each lot shall show a maximum difference between the
longitudinal and transverse directions of 4 .0 ks i for the ultimate tensile stren gth and 5.0 ksi for
the y ield stre ngth.
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Figure 29. — Micros tructure of Phase Ill Beta Annealed Plate.

4- -

46

:~— .- ,
~.w— = - -

~~~~~~~~~
-=- — ~~~~~~~~~~~~~~~~~ -~~~~ 0 

~~~~ ____ ~~~~__ .  Ii . 1111. —



~~~~~~ 
Roll ing ~__~~ a

plane

T ransverse . -a
.;- ., section Longitu dinal

... 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

section

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~H
~~
v, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~ . ,~~~~.
- ..‘ -~t. ~~~~

‘ “ c  ,J~ 
( ‘

‘I

b.) 500x

- Figure 29. — ( Concluded).

1’

47

~ T ~~~~~
-“ 

~~~~~~~~~~~~~~

____________ -~~~--.-- ~~~~——.
~~-- 

____ 
—- -r- -,~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - __ -_ - ~ZT~T - - 

- 

-



- - ----- —--  ~~~ --_ - _~~~~~~.-~~ — 
_ _ _ _ _ _ _ _-

~~~~~i.

—, ‘~~Z.—.j ‘lnj

~~~
0

4 ~~ 13

H

ç~~~ s . 
. 

~~~~
-

— — ~~~~~~~~~~~ 
2’

,~- 71 ‘b~ .

‘ -.
~~ 0

v’ .. ,
~~

~~

~~~~~~~ :~~uJ
n.~. / \  \
.~~~‘ \ \

\ ~
\ — \  ~~~~

L, ~~. .L’S., ) \
\y-,~qç,ç~~~~~~~ 

c
- -

, 

\ U
!~\~~~“ ?~~~~~~~ ~/ / ~~~ ~~~*~~~~~~~~ \ ~~~~~~~~~~ \

~~~~~~~~~~~~~~~~ ) 1\3, St i
~ I—

\•J~~~~~ _ —~~~~~,j ~~~ I
~~~~~~~~~~~~~~ ~~~~~~~~ ~~~ /

- -~ .4~,u -- 
-
~~~~~

‘ I — ‘.

I -,

I
/ H

- 0~~

H - 
-a ,.

~ 

-



j~~ a .

J

~(C ~~~) ,

4—’_‘
~~--4 - ( .:~~~~~~~~

_
~~~~~

. _ 

I ~~~~ I\ \
-
~~~~\ 

,
~~~~~~~ _ . - ‘ ‘ -- -

- / 
— J \  V

\ -. — 7
. 

. / ~•1’ ~/ flu.. — 
._

/
/ 

~ \ \/

- ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~
- -~~-

-- -
.
. 

.
. 
.~~~

‘ 
/ I

~~~~~~~~~ ~, --a :. . . .~~-i 
~~~~~~~~~~~~~ \ ,‘ o 

~~ / -~~ ~~- ~~~~~~~~~ ‘~x o_

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
!!‘\

\
~~~~~~~~~~~~~~

s

~~~ {
~:- 1 .:~1~

’ 
~~ ~ p

-
~~ 

C)

.,\\ 
~~~~~~ / -

~~

H ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 

/ .
~

49

- - -  -- - - - - —
________________________________________

I - 
- . - ; - - .,~~~~~

.
. -

IL - .- - ‘ ;;i.~~~- .
’
~~. ~~~~ u-v . —

ii ‘ 
~~~~~~~~~~~~~ 

--~ ~~~~~ - , -a ~~~~~~~ -¼ ’ ‘a-
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

-
~~ -- “ T~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

. —~~-~- _—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~Ji:— - - -  - 
. 

- --



_ _ _ _  _ _ _  - - --.--- -.~~~~~~~~~~~- ~~~~~~-- - -~~~~~~~~~~~~~~~ - -----~~~~~~ -~~~~~~~~~-- ---

1 !  ~~~~~~~~
~~

a’ 500x

1
c~~~ . i :  

‘L ” ~~. ~
-
~- 

-

~

bl SOOx

- 
Figure 31. —Microstr ucrure of Phase Ill Sheet (a) As•received (DA), and (b) A fter the Phase Ill DA.
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Table 7.-Chemical Composition of Phase III ~~~~ Mareria1

ANoy1~g e4~nents. *e~~st per~~xt

Of Al V Fe N2 C H2 V

0 128-i~h~~eet 0111 60 4.0 019 001 0.02 0.0034

Proposed 011 53- 3.6- 025 0.03 0.06 0.0125 0006
weaf.t aioe~ i,~~~. 62 4~4 max. max. max. max. max .

Boóng conducted dwse ox~~~l a~~Iyses wta.d’i yie4ded 0.1017.0.0911. a~ 01)963.

NOTE: Beta trar~~as wax 1780°F -
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Table 8.—As-Received Mechanical Properties of Phase III Sheet Material

UTS , ksi TYS , ksi Elong., %
- ! L I L T L T

- 
As-received sheet 135.3. 134.0, 125.1, 127.8, 15, 15 15, 15

135.3 135.6 126.8

- Duplex-annealed 136-137 ‘ 135-138 129-130 131-133 15-17 13-15

Proposed 130 m m .  120 m m .  10 mm .
specification
requirement

4- The average results of the tensile tests for each lot shall show a maximum difference between the
longitudinal and transverse directions of 4.0 ksi for the ultimate tensile strength and 5.0 ksi for
the y ield strength . 
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3. Fatigue properties—S-N curves and Constant Life Diagrams were developed using smooth
and center-notched specimens (K t = I and 2.53 , respectively) at R ratios of 0.5 , 0.05 ,

and — l (all testing in air) .

4. Fatigue crack propagation rates over a t~K range from about 10 to 50 ksi ~~~ at R
ratios of 0.05 and 0.5 in both air and 3.5~ NaC1, using both compact tension and surface-
flaw specimens were developed.

4.3.2.1 Tensile Properties

The tepsile data for the sheet material is pre sented in table 8. In addition to the plate ven-
dor certification data , thre e longitudina l and three transverse tensile tests were conducted.
The minimum tensile strength obtained was 131 ksi , minimum yield strength was 119 ksi ,
and minimum elongation was 10% (the tabulated data are contained in appendix B). Both the
sheet and plate materials used in Phase I ll exceeded the strength requirements and met the
isotropy 1-equirements of the proposed specifications.

4.3.2.2 Fracture Properties

4.3.2.2. / Plate. — Three tests were conducted in both the T-L and L-T orientations. The
values for the former ranged fro m 86.5 to 92 ksi ..,/ iiT. and for the lat ter  ranged from 89.5 to
101.9 ksis[iii. The K IC values are only valid to 95.5 ksi~ /ii~., due to the ASTM E399 thick-
ness criterion. These values exceed the proposed specification minimum of 85 ksi ../iii. The
85 ksi ~/Th minimum fracture toughness value may appear tenuous based on a minimum value
of this material of 86.5 ksi./iii. There is, however , a much larger data base that indicates this
goal is attai nable. In 1965 , Lockheed (ref. 12) listed the fracture toughness of beta-annealed
Ti-6A I -4V as 96 ksi ~/ii~. A substantial data base was established in the DOT-SST follow-o n
program (refs. 1. 4). In that program, the K i~ of beta-annealed material generally exceeded 90
ksi ~./Tii. McDonnell Aircraft Company (St. Louis) has purchased beta-annealed plates from
four heats of Ti-6A1-4V (ELI grade) for the F-18. Three heats from one supplier had KQ
values (due to the thickness criterion ) of 104, 108, and 114 ksi .../Ti~. The plate from the
second supplier had a KQ of 84 ksi ‘~/i~i. (ref. 13). In addition , General Dynamics—Convair
(ref. 14) also performed extensive testing of beta-annealed ELI Ti-6Al-4 V plate on an Air
Force ADP program , contract AF336 I 5-73-C-300 I .  They obtained fracture data from nearly
30 heats of plate. No K i~ values below 90 ksi s/iii. were observed. These values compare to
a specification minimum K IC of 70 ksi~ /1~i. requirement for RA plate by Rockwell Inter-
national (ref. I I )  and a minimum Kic for MA plate purchased per MIL-T-9046 , which would
be about 40 ksi~/ii~.

The stress-corrosion resistance of the Phase III material far exceeded the proposed specification
minimum of 60 ksi%/ii~. The values ranged from 85 to 100 ksi ’~/ii~. for the T-L orientation ;
three values of 95 ksi s/Tii. for the T-L orientation were obtained (three tests in each orientation) .
Referring again to the General Dynamics-Convair program , they conducted their K SCC test s at
a maximum stress intensity of 62 ksi~,/ii~. No crack growth was observed at this stress level
on any of the specimens. Stress corrosion thresholds down to 22 ksi .1/i~i. have been observed
for MA plate (ref. 4). There is not much salt water K ISCC data for RA plate ,

4 
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fl
but the threshold for ELI RA plate was reported as 45 ksi~ /1’

~. by h ail et ai. (ref.  23) .

4. 3. 2.2.2 Sheet. - The fracture toughness of the sheet material  ranged from l4 7 .3 to
I73 .ti ksi~Tiñ in the transverse test direction and 166.3 to 170. 1 ksi .fTn . in the
longitudinal test direction , exceeding the proposed specification m inu m um of 140 ksi

~/ii~. Again re fe r-ring to DOT-SST follow-on program data, valid K~ data were devel-
oped on 14 heats of DA Ti-ÔA 1-4V sheet. There was one value of 137 . 1 ksi~~’ in.
and the remaining data range d from 14 ! .6 to I 82 ksi ~/Tñ. The average longitudinal
and transverse values from that program were 157 .3 a nd 168. 7 ksi ~/i~i . re spectively.

lh e  st ress-corrosion thresho ld for this sheet was 120 ksi~/T~
’. ( th ree tests , all the same value )

i n the transver se direction , and ranged from 120 to 154 ksi~[i~. i n the longi tudinal  test
direction. This property, alo ng with environmental crack growth , is one that  clearly j ust i f ies
the require ment for super-ELI material. A strong correlation between oxygen content and
the stress-corrosio n threshold has been demonstrated (refs . 1~ 2. 16) . Linear regression
analyses co rrelating the stress-corrosion thresho ld of 46 heats of I)A sheet to metal lurgical
and cotnpo sitio nal para meters indicated that  oxy gen played a strong role in the value of this
property. The best fit obtained of over 100 ana lyse s was:

Trans. K scc (ksi~ /Th .)  = 321. Q- ’14 (wt  ~ 02 1— 228 (wt  (7~ A l l  —2 74
(~ TYS in ksi —2. 05 ( O .F. )—0 .224 (ppm 112

where

~TYS = transv erse-longitudinal yield s trength
O F .  = a factor quant i fy ing the ordering (o d + Ti 3Al) effects

I h e  Lo rr e lation coeffic ient for this equation was 0.88. It can he seen that  on a stat is t ical
basis , droppi ng the oxygen 0.1~~ (f rom 0.2 to 0. V 7) could  increase K scc over 70 ksi~/T~.
\ I r l c t s  per cent of the data used in that  analysis fell wi thin a t I S  ksi 5/Ti~ scatter h a nd. That
t~~a v  er ~ sig n i ficant e ffect and one of the driving forces for speac it\ ing super-FL1 material.

4.3.2. 3 Fatigue Properties

4. ~~ 2. -~ I Plate. The data from the notched and smooth fatigue specimens can he seen
in f igur e s 33 and ~4 . The data behaved as would he anticipated with the fatig i. e life
at a cons t ant  n l . i \ i mum stress increasing as R increases. No significant difference in
fat i gue behavior between the longitudinal  and transverse test orientations was obsers-ed.
50 the tre nd lines drawn in are meant to be representati ve of both test directions.

It ha s been di f f icul t  to locate comparable data on standard grade mill-annealed Ti-6A1- 4V
to make a co rnpar l-.u n between this  product and the most commonly used grade and heat
t reatment .  The onl y comparable data for smooth specimens K t = I found was for RA
plate (re f. 17 ) .  rhe~-c Ia ta have been superimposed on figure 33. The RA material has a
fatigue stre ngth ahow ‘

~~
- higher than the B.-~ tr eat ment in the low-cycle regime with an
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appare nt crossover at lives between 10 6 and i0 7 cycles , with the BA then being s l i g h t l y  superior.
Also included are some data generated by the Boeing Marine Systems 1)iv ision on 4-inch-
thick beta-annealed E LI plate. This material was tested in salt water (aqueous 3 .5~; N a ( ’l ).
The specimen surfaces were face mil led. It appears that there is no effect of salt water on
smooth specime n fatigue lif e.

No suitable comparative data could be located with which to compare the notched data. The
lit t le data available were obtained from tests at a different K t val ue. At tempts  were made to
norm ali ze t he data using K~ k f curves , hut  th ey were unsuccessful.

The S N curves were conver t ed to constant life diagrams for l0~ . I0~ . and 1 06 cycles , which
are presented in figu res 35 an d 36.

4 .~~ 2. .~~2 She’t’ . l Iie S N cur ses for the sheet material are contained in figures 37 and 38 and the
constant life diagrams in figures .N and 40. General l~ . the fatigue l ives of the sheet were superior to
those ot’ the plate. h owever , at a n K o f — I  . K~ = I . the fatigue lives of the sheet and plate are almost iden-
tical in the range of 106 to I0~ cy cles .

The smooth fatigue properties of the DA sheet were superior to MA material at all three R
ratios ( fig. 36) in comparison to the data referenc ed. Almost no comparative notched fatigue
data. K t = 2 . 53, could be found. One notched fatigue set of data (ref.  2 1 )  at an identical  K 1
for 0.1 -inch standard grade MA Ti-6A I -4V sheet was obtained. The scatter -band is indicative
of as-received and ch em-m ill ed surface finishes. Comparison with those data indicates that
1):~ exhibi ts  bette r high-cycle properties. In Phase I of this program , notched fatigue specimens
of each heat treatment were run at SO ksi gross area str e ss (K 1 = 2.53 ) . rhe MA sheet in that
phase ex hibi ted a ra nge in log average life which is included in figure 38 (the  50 ksi gross area
stress is eq uivalent to about 6 1 k si maximum net area stres s) . These data indicate a MA fatigue
strength at 10 6 cycles which is about 12 ksi higher than the I)A , and about 16 ksi higher than
the Boeing M .-~ 

.‘typica l” data.

4.3.2.4 Fatigue Crack Propagation Rate

Fatigue crack propagation rate data were developed in both air and salt water (aqueous 3.5~
Na flI  at frequencies of 0. 1 and I h i  and R ratios of 0.05 and 0.5.

4 3 2 4, / Plate. — Plate FCP rate data were obtained using both compact tension and surface
flaw specimens. The indi vidual curves and tabulated data are contained in appendix B.

Figure 41 indicates the scatter -band of the transverse (the only orientation tested in all three
phases) da ’d N data generated on material meeting or nearly meeting the specification chemistry
requirements. Ih i s  includes the textured plate from Phase I . P08 and P 11 , and the Phase II I
material. The dashed lines represent the scatterh and when all the beta-annealed material
eva luated in this program is included .
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Figure 35. —Constant .life diagram for Phase I/ I  BA Plate Tested at Room Temperature,
K~= 1, f 18IX~cpm.
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A compariso n to RA and MA Ti-ôAl-4 V is made in figure 42. The solid lines represent the
scatte r-band of data obtained in this program of nt ateria l that  nominally meets the proposed
spec if icatio n ch em ist ry requ i remen ts. I t ca n be seen that  i n air the BA conditio n is sl ightly
superior to the RA condition , although they fall pre tty much in the sante scatterh and. The BA
(a nd RA ) are much superior to the MA data. The upper end of the scatterhand of the BA
material almost coincides with the lower portion of the scatterh and for MA plate. The mid-
poi nt of the BA scatterband exhibits  a growth rate about an order ol’ magn itude slowe r than
that  of the MA condition at given AK ’s. The MA tests are for the L-T orientation. The compari-
son is , however , va lid since the growth rates of the T-L and L-T specimens for the BA product
are essentially identical ( fig. 43) .

The comparison of environmental crack growth I’ates between R A , MA, and BA ntater j a l
again indicates that  the BA condition is superior. The increased severity of aqueous 3.5’- - NaCI
(as opposed to su mp tank water )  is indicated in figure 42. Sump tank water (STW ) tests were
also pe rform ed by h all et al. (ref. 23) on the same materia l These data fell within the STW
scatte rhand established in reference I I  - (‘om parison to M A plate is presented in figure 44.
The only suitable da/ dN comparison for the plate material in salt water was at 0.1 Hz. Beta an-
nealing obviously produces environmental crack growth resistance much superior to mill annealing.

The frequency effect in air is very minor , as reported elsewhere (res. 9, 23 ) .  Data obtained at
0. 1 and 1 liz are presented in figure 45. The transverse orientation consistently exhibi ts
sl ight ly faster growth rates at I Hz than at 0. I Hz . while the longitudinal data are comparable
at both f requencies (within the limits of data scatter ) .

The frequency effect in salt water shows no orientation dependence ( fig. 46) . Both orienta-
tions exhibit  faste r growth rates at 0. 1 Iii in the slower and faster growth rate regimes , and
slower growth rates in the intermediate ‘~K regi me. Faste r growth at t he lower frequency
could be expected since the environment has more time to act on the crack front during
each cycle , allowing the environment to have a more significant e ffect. The process is not
that si mple, however , as poi nted out by Dawson and Pelloux (ref. 24). There are competing
processes occurring: ( 1)  cyclic stress-corrosion cracking (SCC), and (2 )  repassivation of the
freshly created surface at the crack tip. They concluded that above the cyclic stress-corrosion
thresho ld (t~Kscc ), repassivatio n can no longer su ppress cleavage fract ure and crack growth
occurs by cyclic SCC; hence , in this region , the crack wou ld be ex pected to grow faste r at
lowe r frequency. Below~~K SCC, the FCP rate is determined by the rate of repassivation and
the load rise time. In this region. cracks would be expected to grow slower at lower frequen-
cies as repassivation could play a more prominent role.

These data were not consistent with the proposed mechanism. The diffe rences in micro-
structure may contribute to the diffe rences in observed results.

The effect of R ratio is demonstrated in figure s 47 and 48. The results are similar to those
reported by Chesnutt et al. (ref. 9) . in that increasing the R ratio from a low value (such as
0.05—0. 1) to an intermediate value (0.3—0.7) increases the crack growth rate. This was ob-
served in both air and salt water. (Their data also indicated that in the range of R =0.3 to 0.7
the crack growth rates all fall within the same scatterband for BA material. ) The air data at
the two R ratios at I liz merge or- cross over at about 40 ksi~[iñ . Although the data trend
line of Chesnutt et al. is not clear cut , a similar thing could be occurring with their data at a
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B — RA Plate, A = .08, F = 360 cpm, T-L Orient, Air , Ref. 11, p. 8-398
C—Phase /I / BA Plate, R .05, f 6Ocpm, T-L Orient, Air
0 — RA P/ate, A = .08, 1=60 cpm, T-L Orient, Sump Tank Water, Ref. 11, p. 8-403
if — Phase III BA P/ate , A = .05, 1 = 60 cpm, T-L Orient, 3.5% NaC/
F — RA Plate, A = . 7. f = 6 cpm, T-L Orientation, Ref. 23
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~K of 30-40 ksi~/i~ . Their data did not merge at a tr equency of 6 cpm , also in agreement
with these data.

The relationship of the FCP test results an d t he m ic rost ruct u re did not co rre late to the t heory
p roposed by Yoderet al. (re fs. 10 , 25 ) regarding the relationship ol alph a colony packet size
and FCP characteristics. They proposed that  ( I )  a change in slope (on a logarithmic plot of
da/d N versus~~K ) occurrs when the reversed plastic zone size corresponds to the colony size,
and ( 2) the FCP rate decreases as the colony size increases.

The fi rst point hinges on a transition fro m microstructura lly sensitive propagation ( below the
t ransit ion ) to nti crost ru ctura l ly insensitive fracture . At low AK ’s, when the reversed plastic
zone size is smaller than the colony size, crack bifurcatio n wi thin  the colonies (and ia. ;ough
the m) occurs , reducing the ef fective ~ K by dispersing the strain field of energy of the  micro-
scopic cracks a mong multiple crack fronts. A transition in the da/dN versus~~K plot would

- 
- then he c~ pected when the reversed plastic zone size exceeded the colony size , red u ci ng or

elimi nating the amount of crack bifurcation wi th in  the packets. This transition from bifu r-
cation withi n the packets was observed metall ogr aph icaHy by them and confirm ed in this
program. In fact, at ~~K ’s signif icantly above the reversed plastic zone size , very l i t t l e  hif u r-
catio n was obsers-ed at all.

An aly z i ng a l l the plate ai r da ’dN data fro m Phases II and l i i  ~co~ t a i ned in appendices A and
B), it is dif ficult to assi gn a clear transition point to most of the data. If a transition point
were to be established by these pl ots, it would be in the neighborhood of~~K of 20 ksi~ /Th.
or lower except for the FCP-3-L specimen , where it would be at a ~ K of about 25 ksi ~~~~~~~

The mean colony size of this material was 55.25 microns. The equation used by Yoder et al.
was:

ry

whe re: IcY = reversed plastic zone site . meters

= stress intensity range . MPa~ /iii
= yield strength. MPa

Solving fort ~K results in:

~ KT = S . S oy 1 c

Using a packet size of 55.25 microns (and assuming r~C = packet size at the transition ) and a
yield strength of 122.3 ksi (842. 9 MPa) and solving for~~K at th e transitio n poi n t yields a
t~K T of 31 .3 ksi ~/Th. This does not correspond to the indicated transition points of the data.
Admittedly,  more data points would be desirable to more clearly define (he transition.

However , we wish to take issue with an aspect of the proposed relationship. It is based upon a
tra nsition front microst ructurally sensitive to microstructurally insensitive crack propagat ion.
In the microstructura l ly sensitive region , cr ack grow t h is reta rded by crack bi furcation with in
the colonies (as well as transcolony bifurcation ) .  Using this rationale in conjunction with the
proposed colony size-reversed plastic zone size relationsh ips suggests that at the transition .
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th e growth rate should accekrat e . not slow down as it in fact occurs.

[he wo rk by [hompso n ct at. (ref. 71 does not support this theory either . They present
dii dN curses for BA and RA Ti-6A 1 -4 V (among other t rea tments ) .  The RA material  indicates
a transitio n at about I 7 ksi ~~~~ and th e BA at about 20 ksi ..a,/rn Solvi ng the n for 1 C he nce
th e colony (or - critical microstructural dimension ) size, yields 23. 1 microns for tt~e RA structure
and 26. 7 microns for the BA material.  Yet the packet size of the BA microstructure must be
an order of nt agnitude larger than the transformed beta grain site in the RA material , which
is th e largest micro structural dimension it seems reasonable to use . The primary alpha grain
size is a possible di men sio n to u se , hut its relevance does not appear justifiable since bifu rcation
into or within the alpha phase occurs at a much reduced frequency compared to a transfo rmed
structu re, and its effects would be minor in comparison.

[heir second poi nt,  increased packet site associated with greater FCP resistance , could he
borne out i n th i s program , as already discussed Phase Ii and further illustrated in figure 49,
which combi nes the Phase II and Phase II I  data. The P08, P 18 , an d Phase I I I  m aterials all
have simi l ar  packet sizes and their  growth rates are quit e similar. P11 has a significantly large r
mean packet si/c . and its FCP rate is significantl y slower. This part of the theory seems
reasonable. The larg er the packet size (or key micr ostructura l dimension) in relations hip to
t he re versed plastic ton e si/c . the more extensive the amount  of intra- and inter-colony hi-
fur ca tio n is pos sible helow~~K 

~ 
and the more inter-colony bifu rcation above~~K T, he n ce

the greate r the redu ction in the effe ctiv e~~K. This is supported indirectly by the grain size
fatigue l i t e  relat ionship : generall y, the smaller the grain size the greater the fatigue life (ref.
2 5 .  With Ti- -’..\ I -4\’ , increased fatigue life generally i mplies poore r da/ dN characteristics.
Hence, if i ncreasing grain size is associated with poorer fatigue life , it p robably implies better
d a d ~ properties. The grain size , or in this case colony si ze , does disp lay an inverse relation-
ship w i t h  da ’d N escep t (or the P 18 mater ial . The notched fatigue lives . in kihocyc les in as-
cending order ot packet site Ice e fig. 49) are 52 , 36. 46 , and 39 . The sp read in pack et size is
much too small and the data too li mited to generalize this relationship, however.

4 32. 4 2 S/wet t h e  FCP rate data for sheet were generated using center-cracked panels.. The
i ndividual  c~ir scs and tabulated data are contained in appendix B. [here was very l i t t le  data
avai lable to permit direct comparison of the sheet produced in accordance with the proposed
speci fication and sheet produced per M t t . -T-9046. Comparisons of MA sheet in the long itudinal
( 1-TI and transverse ( T -L ) orientations to DA data in air are presented in figu re 50. The FCP
resistance of the DA condition is superior to the MA material in both instances. The only environ-
mental comparison available was to sump tank water (fig. 51 ) .  The DA material again exhibits
better FCP characteristics , it should be reiterated that sump tank water is not as aggressive
as 3 5~’ NaCl. so the difference should be even great er (ref. 23). Also included in figure SI  is the
scatter -hand obtained from Phase I MA material. This scatterband was obtained (from the
single sheet of material ) by employing the var ious annealing schedules allowed for MA sheet
in accordance with Ml t . -lI- 8I 200A. At low .~K values , the lower portion of the MA scatter-
band is slightly superior to the Phase II I  material . The high side of the scatter -band is , how-
eve r , much inferior. The extent  of the scatter -band of the Phase I data clearly indicat. ~s t hat
sheet produced per MIL-T-904 6 and MIL-U- 8 1 200 is not sufficient for damage-tolerant
structure . First, the range of permissible heat treatment condition s is too broad to produce
consistent properties, and secondly, at the low ann ealing temperature s utilized , the he.t~
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Packet Size Kt
(pm) (Ksi %f7~~)

o PO8 47 27
n P78 48 32
t~ p 77 74 3 ?
• Phase Ill 55 37
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treatment responses can be markedly diffe rent depending on prior processing histories. This
was clearly demonstrated for plate material in Phase I (ref. 3) .

The effect of R ratio on FCP behavior was as anticipated , higher da/dN values at R = 0.5
than at R = 0.05 (fig. 52) . All testing of the sheet material was conducted at I Hz , so th e
frequency effect was not evaluated.

4.3.2.5 Proposed Specification

The firs t drafts of a sheet and a plate specification for premium-grade damage-tolerant
Ti-ÔA l-4 V were drafted in Phase II and sent out for comments. Copies of these specifications
were routed to 34 firms. Comments were received from 10 sources , including 3 suppliers.
Pertinent applicable comments were incorporated in the final draft of these specifications ,
contained i n appendix C.

These specifications were basically patterned after the AST (Advanced Supersonic Transport )
specifications written during the DOT-SST follow-on program (ref. 16). The General Dyna-
mics-Convair beta-annea led plate specification (FMS 1109), wh ich they are using the pur chase
material for the F-l6 , was also derived from the AST specification. The main alterations of
the AST specifications for this program were the inclusion of cross-rolling to reduce aniso-
tropy, t h e  addition ot fracture toughness testing, and more stringent stress-corrosion resis-

* tance re quirements. Data generated durin g this program and , for plate , data obtained from
prese nt users of beta-annealed plate. make the requ irements of th ese speci fi catio n s appe ar
reaso n able and attai n abl e .

The Boeing Marina Systems Division has released an initial specification for beta annealed
damage tolera nt Ti-6Al-4V alloy plate , bar and fo rgings. This specification was patterned
aft er the proposed plate specification written for this program. The plate and forging sup-
pliers ha se agreed to provide material per this specification.
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5.0 SUMMARY ANE) CONCLUSIONS

The data generated in Phases II and Ill were as anticipated based on Phase 1. The damage-
tolerant properties of the beta-annealed plate and duplex-anneal ed sheet were superior to
those obtained by alternate heat treatment conditions of the respective product fo rms.
These were obtained with a sligh t drop in tensile and fatigue strengths for the plate (no
reduction in sheet) . This compromise in plate is offset by a very substantial improvement
in fracture properties over conventional mill-annealed materia l and a significant improvement
over recrysta llized annealed materi al . The benefits of the beta anneal are even more dramatic
in an aggressive environment , especially for corrosion fatigu e at higher stress ratios. Compara-
tive data are presented in the form of a bar graph in figure 53.

The data generated during this program justify the selection of beta-annealed plate and duplex-
annealed sheet for premium-grade , damage-tolerant Ti-6A1-4 V . These data , in conjunc tion
with that fro m other sources , also indicate that the property goals of the proposed speciuica-
tions are realistic.

The conclusions drawn from this program include :

I .  Maximum damage tolerance for plate material is obtained by beta annealing. Fracture
toughness , st ress corrosio n thre shold , and fatigue crack growt h rat e, partic ularly in
aggressive e nvironments are superior to other heat treatments.

This higher damage tolerance is accompanied by a slight drop in tensile and fatigue
stre ngt h s.

2. Duplex annealin g provides the optimum damage tolerance practically obtainable for
sheet materia l . Considerations such as forma bi lity an d grain size preclu de beta
an neali ng.

3. A supe r low interstitial oxygen grade of material is necessary to provide consistently
high damage-tolerant properties.

4. Plate and sheet produced in accordance with the proposed specifications will more
reliably produce a consistent and superior product than is now possible with MIL-T-9046
m ate rials.
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6.0 REC OMMENDAT IONS REFERENCES

I. We recommend that for fracture-critical hardware , the use of beta annealing be expanded
to other product forms, such as forgings.

2. A com prehensive search for additional mill-annealed data should be initiated to esta-
blish data scatterbands typical of MIL-T-9046 products suitable for insertion into
M u -H - S. These are commonly used product forms, and yet there are no handbook
data available.

3. A similar search for applicable beta-annealed data should be instituted to provide scatter-
bands for fatigue life and fatigue crack propagation character istics to compliment data
generated in this investigation.
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APPENDIX A

TEST DATA--PHASE II

This appendix contains all the detailed test data generated during

Phase II of this program. Included are tensile properties , fatigue crack

propagation (FCP) rates in air and aqueous 3.5% NaC1 solution using double

cantilever beam and compact tension type specimens , notched fatigue and lap

splice fatigue properties, and fracture toughness (K u) of plate .
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Table A. 1.— Tensile Properties of Ti-6A 1.4 V Sheet and P/ate (Phase II Materia/)

Fati gue ife
No ’ilnal (e.ycies ) I
Oiygen
Content TUS VIS RA Elong. LaP

4 Form teat Treatment (wt 5) (ksi) (ksi) (5) (5) Notch Splice (ksi/~~. )

Plate 1900’F/20 m in ./AC 0.08 126 114 31 12 52,000 98,000 82.7
+ 125 115 31 13

l35O~F/2 hrs.JAC 0.11 134 125 18 10 39,000 70.000 8 7 . 3

134 ~24 20 10

~~~~~~~~

0.13 ~~~~‘ 135 124 19 10 65 ,000 145. 000 80. 4
135 124 17 8

0.18 142 132 24 12 36 .000 85 ,000 77.9

_______________ 

~~~~~

S’eet l ’85~F/33 mirt .J AC 0.15 ~39 134 -- 16 57,000 185,000 --
130 128 -—

l3~3 Ff2 r i rs . / A C

Log average l ife  a t :

~el~er hole notch: c’
9 

50 kS i , R 0.05 , ‘ 2.53 , f 1800 cpm

~ap sp l ice :  30 ksl .  Il ‘ 0.05. f ‘ 1800 cpm

(Conservat ive values.  Highest toughness anticipated with 0.08% 02 mater ial.)

~~~‘-8eta annealed , tevtu red plate (Phase I mater ia l) .

~~~ — Tensi1 e properties from heat treat blanks for retest of fatigue crack propagation rates.
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Table A.2. —Fatigue Properties of Ti- 6A 1-4V Plate and Sheet (Phase II Material)

Nominal
Oxygen
Content Center Hole Notch* Lap Sphce**

Form Heat Treatment (wt 5) (cycles ) ( cycle s )

Plate l900°F/20 mln ./AC 0.08 45,000 74 ,000
+ 89,000 137 ,000

1 350°F/2 hrs./AC 55,000 11 1 ,000
42,000 81,000

- 
41 ,000

log avg. : 52.000 log avq .: 98,000

* 71 ’YY)
72 ,flO’)

59, 000
73 ,110~)

ion avg .: 60,000

0 . 11  49, 000 84 ,000
39,000 65 ,000
34 .000 65 .000
40,000 68,000
34,000

log avg. : 39,000 log avg. : 70,000

0.fl*** 110 ,00’)
4 59,arfl

49 ,000
71 ,0~1’)

log avg . : 70,000
0. 18 43, 000 74 ,000

29,000 74,000
37,000 101,000
33, 000 94 .000
42, 000

log avg.: 36,000 log avg.: 85,000

Sheet 1 785°F/30 mln. /AC 0.15 34,000 201 ,000
- 

- 
+ 73,000 396,000

1350°F/2 hrs./AC 48,000 182,000
82 ,000 174 ,000

- : 
- 

64,000

log avg,: 57,000 log avg.: 185,000

*Center hole notch: a~ 50 kst , R 0.05, l(
~ 

2.53, f ~‘ 1800 cpm .
• **Lap splice : o~ - 30 ksi , R = 0.05 , f 1800 cpin

***Heat treated and tested as a separate lot. liaterlal with 
~2 

content of ‘).l3~- is
textured plate from Phase I.

89

- - _______________________________________

“ .‘/ s:
v 4I

w

______ -

~~ ‘I 

‘~b.~~~’ 

I 

- — 

, 

-

- - 
~~
‘. - ~~~~~ • 4  ~~



r
Table A.3. —Fa tigue Crack Propagation Rates for Ti -6A 1-4 V P/ate and Sheet

(Phase II Material)

Alr*** 3.5% NaC1~~~

(wt 5) AK a da/dN ttKavg da/dN

0.08 12.3 3.3 x 10-6 10.3 2 .4 x l0 6

( P l a t e )  15.1 4.7 x 1O~~ 14.1 4.5 x
16.1 4 x 10 19.5 5.4 x 10
20.1 4.6 x l0~~ 20.9 1.4  x l0
26.5 1 . 4 x 10

5 
24 .4  2 x 10~~

30.8 2.8 x 10 33.8 3.8 x l0

0.11 14.8 1.5 x 8.8 3 x 101
(Plate) 19.2 2.3 x 10_S 8.9 2.2 x l0~~

23.5 6 x 10 10 2.7 x 10
28.3 8 x 10 ° 12.8 2 .8 x 10
37.5 5 x l0~ 14.4  5.2 x 10~

1 7 . 5  5 x l0
21.5 9 ~ 10 5
26.8 2 x 10_s
37.3 8 x 1 0

0.13** 15 4.7 x l0~ 15 5.5 x 10~(Plate) 20 3.2 x lo~~ 20 3 x 101
25 1.4 x 1o~ 25 1 .1 x

0.18 15.1 1 .2 x 0~~ 10.7  9 .1  x 10~~(Plate) 18.1 5.8 x )0~~ 14.1 2.4 x 10
_6

H 23.7 1 . 2  x 10 19.9 7 .2 x l0

—— 

28.5 2.3 x 10 25.4 2 .1 x 10

0.15 10 2 x io 6 10.1 3.9 x
(Sheet) 12.5 5.2 x iol 1 5 . 1  8.8 x io 6

15.5 1.1 x 10 25.0 4 .1 x l0
— 

20.2 2. 1 x 10

*Sheet: Duplex annealed at l785°F/30 min./AC and 1350°F/2 hr./AC.
Plate: Beta annealed at l 900°F/20 min./AC and 1350°F/2 hr./AC.

**Textured plate -- data reported In Phase I report.

• ***AKavg Is average AK obtained at a given load range over the crack
length through whirh it is cycled; da/dN -- inches per cycle; - -

AK -- ks1-in .~~
2; R = 0.05; f — 60 cpm . Specimen type - DCB (Fi g. 6)
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Table A4

FATIGUE CRACK GROWTH RATES FOR
Ti-6A1-4V ALLOY PLATE, BETA-ANNEALED

(PHASE II MATERIAL )

R=O.05 , 60 cpm

Air 3.5% NaC1

da/dN tsK da/dN
(ksiJt~.) (inch/cycle) (ksiliii.) (inch/cycle)

Specimen No. 08-2-1 (02 0.08)

14.6 1.7 x 10—6 11.4 4.3 x 1O~~
19.5 6.1 x l0~~ 16 2 x 10-6

26. 5 1.2 x l0~~ 17.9 7.3 x 10~24.3 2 x 1 0
26.9 5.3 x lO~

Specimen No. 11-2—1 (02 
= 0.11)

15.5 7. 1 x l0~ 11.7 4.8 x lO~
21.5 3.7 x iol 16.6 1.2 x 1O~~
33.4 1 .7 x 1O~~ 18. 1 2.4 x 10 —

20.5 1.5 x 1O~27.6 3.2 x 10-
30.9 3.7 x 10~35.9 6.6 x l0~’

Specimen No. 18-2-1 
~~ 

= 0.18)

15 2.4 x io_6 
12.4 1.8 x io 6

20.3 7.6 x 1O~~ 17.3 1.5 x 10~~28.7 2.1 x 10~~ 19.6 1.7 x 10
28.6 7.3 x l0
33.6 9 x 1 0 5

NOTE: &( Is an average value obtained at a given load range over the
crack length through which It Is cycled ; da/dN--inches per
cycle; M (--kslv’TL; R = 0.05 ; f = 60 cpu; specimen type--CT
(fig. 7).
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Figure A 1.—Fatigue Crack Propagation Rate in Air and Aqueous 3.5% NaCI
as a Fu’-sction of AK for Phase II Material. T-L Orientation,
Specime~’ Type—DCB (Figure 6) for Plate, Center Notch
(Figure 9/ ~or Sheet.

o Plate, P08
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Open Symbols Air
Solid Symbols - 3.5% NaCI
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APPENDIX B

TEST DATA--PHASE III

This appendix contains all the detailed test data generated during

Phase III of thi s program. Included are tens i le properties , frac ture

toughness properties (Kic and Kc ), stress-Corrosion cracking threshold

(K iscc and Kscc ), fatigue crack propagation (FCP) rates in air and aqueous

• 3.5% NaC1 solution , and smooth and notched fatigue life properties .
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Table 81.— Tensile and Fracture Properties of Ti-6A 1-4 V Sheet and Plate (Phase Ill Material)

Noii,lnal
0.ygen K KContent Testing Its iTS RA (longatlon IC 15CC Kt

Fore, Heat Treatm ent (wt t) Dfrec t~on ( k s t )  ( k s l)  (%) (5) (ks l /t~.) 
—

Plate 1US’F/20 .ln./AC 0.10 1 133 123 22 10 86.5 85
1 .5 Inch • T 132 121 24 10 89.4 85

1 35O~F/2 hrs ./ A C 1 134 123 22 12 92.0 100

(Beta transus - 131 11 9 16 11 98.0’ 95
179S~F) 1 134 125 22 11 101.9’ 95

132 123 22 11 89.5 95

S heet 1730 ’F/lO mln , ’AC 0.11 1 138 133 15 15 .-- - -  154 .4 120
C .128 inc h • 1 138 133 21 16 -.  14 7 .3 120

1 350’F/2 P,rs ./AC 1 135 13 1 14 13 -- - -- 113.6 120

(Be ta transu s - 1. 136 129 23 11 -- -  - -  170. 1 1 42
1 7 8 0 1 )  I. 137 130 21 15 -- -  - —  166.3 120

1 136 129 25 15 - - -  —— - - -  154

i K 1~ 
due to th ic kn ess cr i te rIa of AST1~ (399-72.

‘Es timat .d K 15~~ 
and

a.

I 41~
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Tab le 82
FATIGUE CRACK GROWTH RATES FOR

Ti-6A 1 -4V ALLOY PLATE , BETA-ANNEALED
R=O. 05 , 6 O c pm

Air 3.5% NaC1

tsK da/dN da/dN
(ksiv9ii.) (inch/cycle) (ksi/t~i.) ( inch/cycle)

Specimen No. FCP-l-L

9.1 7.8 x 10
_8 

10 6.6 x ia 8
9.3 2.4 x lO ’

~ 10.1 7.8 x 1O~~9.7 4.3 x 1O~~ 14.8 9.5 x 10 710 2 x 10 7 15 2.7 ~ 10 610.2 3.9 x 10 ~ 16 2.1 x 10
18.2 3 x lO~~ 23.5 3.5 x l0
198 6.2 x 1O~~ 23.9 4.6 x 10
20.8 8.1 x 10 ° 24.3 5.7 x l0’~29 1.8 x iol 24.6 6.2 x 10
30.7 3.1 x lO~~ 31.4 7.4 x 10
31.7 2 x 101 32.3 8.3 x
43.3 8.9 x 1O~~ 42.2 1.5 x 1O~~45.3 8 x lO~~ 43.8 1.4 x 1O~~55.2 2.5 x lO~~59.3 2.7 x 1O~~

Specimen No. FCP-5-T

9.9 1.9 x 10.1 8.9 x io 8
0.4 3,4 x 1O~~ 15 .2 2.6 x lO~~19.8 6.1 x 10~~ 16.4 4 ~ io~

6
21 8 x lO~~ 21.4 3 x 1O~~29.2 2.1 x 1O~~ 21.7 4.5 x 10~~30.4 2.4 x 1O~~ 22 6.4 x l0
31.4 3.2 x 1o~~ 22.3 7 x 1O~~43 1.1 x 10 A 28.4 9.1 x 10
44.2 7.6 x 10 ’ 28.6 8.2 x 10
45. 5 8.5 x i0~~ 29 8 x lO~~• 29.4 9 x l O ” 5

37.9 1.3 x
38.6 1.29 x l0~~39 1.37 x
39.6 1.75 x
48.7 2.3 x lO ’~49.9 2.3 x 101
52.8 2.7 ~ 10

4-.

4 -  98
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Tabl e B3

FATIGUE CRACK GROWTH RATES FOR
T1-6A1-4V ALLOY PLATE , BETA-ANNEALED

R = 0.05 , 6 cpu

Air 3.5% NaC1

AK da/dN AK da/dN
(ksi/ ii~.) (inch/cyc le) (ksi/~~.) (inch/cycle)

Specimen No. FCP—3-L

9.4 9.6 x icY8 13.5 1.4 x l0 6
14.9 8.2 x ~o

’
~ 13.7 1.3 x icY6

15.2 9 4  x 10~~ 13.9 2 x io 6

15.3 1.3 x 18.9 4.2 x io 6

18 2.4 x 10-6 19.6 5.2 x icY
-~~ 18.6 4.1 x 10 6 25 1.2 x icY

23.2 1.2 x 101 25.2 9.4 x icY6
23.5 1.1 x 1O~~ 25.6 1.2 x icY
23.8 1.5 x 1O~~ 33.3 1.2 x
28.8 1.8 x 1O~~ 40 2.7 x iO ’~29.7 2.1 x 1O~~ 42.6 3.2 x icY
34.3 3.5 x l0~~ 45 4 x icY
34.8 4.7 x l0’

~ 46.1 4.9 x icY
35.2 5.6 x 10~~ 48.5 6.7 x icY
4 1 5.7 x l O ~~41.5 6.7 x iO~42.7 8.3 x 101
42.8 8,8 x 10
43.5 1 x icY
48.7 1.15 x icY4
49.1 1.2 x icY4
49.7 1.3 x 1O~~50.2 1.4 x
50.7 1.5 x 1O’~

4
-

- - 
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Table B4
FATIGUE CRACK GROWTH RATES FOR

Ti-6A1-4V ALLOY PLATE, BETA-ANNEALED

R = O . O 5 , 6 cpm

Air 3.5% NaC1

da/dN AK da/dN
(ksi/iii.) (inch/cycle) (ks1 ’9i~.) (inch/cycle)

Specimen No. FCP-7-T

9 6.1 x icY8 12.4 9.8 x lO~~9.1 1 x 1O~~ 12.6 1.2 x
14.3 9.9 x i0 ’ 12.7 1.6 x icY

• 14.5 1.2 x io 6 17. 3 3.7 x lO~14.7 1.1 x io 6 17.7 5.1 x io 6
17.3 2.8 x io 6 22.7 5.3 x io

_6

17.7 4.6 x io
_6 22.9 7.6 x 10-6

22.4 6.5 ~ io
6 23.1 1 x icY

22.5 8.2 x io 6 28.3 1.4 x icY
22.5 8.7 x iol 28.8 2.8 x io
27.2 1 .2 x 10~~ 31.7 1.7 x icY
27.8 1.8 x 1O~~ 41.5 2.5 x icY
33.1 4.1 x 1O~~ 44.4 2.7 x icY
33.8 5 x 1O~38.8 6.6 x
40 7.2 x 10~~40.5 8.2 x 1O~~45.3 1 x iO~~46.1 1.2 x iO~~46.4 1.25 x icY

4.

100
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Table B5

FATIGUE CRACK GROWTH RATES FOR
Ti-6A 1-4V ALLOY PLATE , BETA-ANNEALED

R=0.5 ,60 cpm

- 

Air  3.5% NaCi

AK da/dN AK da/dN
(kslv’fii. ) (Inch/cycle) (ksiJT~,) (inch/cycle)

Specimen No. FCP-4-L

10.8 3.96 x icY 6 14.75 5.4 x icY 6
14.2 5.4 x icY 6 15.5 7.2 x io 6

14.7 6.9 x io 6 16.2 1 x icY
18.7 1.5 x 17 2 x iO~
23.1 2.5 x 1O~~ 18.4 3.3 x icY
23.8 4.3 x iol 20.7 6.5 x
28.4 4.5 x lO~~ 24.1 1.1 x 10
23.6 9.2 x iol 30.7 2.1 x 10 4
34.8 1.25 x icY’ 38.9 4.6 x icY

Specimen No. FCP-8-T Specimen No. FCP-5-T

10.8 4.2 x 101 13.6 6.9 x lO~
11 5.7 x iO~ 14.4 2.4 x 10 ~

- 

I 14.5 6.2 x 10~~ 16.7 5.2 x iO~~
i5 6.5 x iol 19.6 7.6 x 1O~~
18.5 1.4 x i0; 22.6 8.7 x l0~~19.4 1.9 x iO~~ 26.1 1.3 x icY’
24.1 3.1 x 1O~~ 31.5 1.8 x icY
25 5.3 x 1O~~ 39.3 8.75 x icY
36.6 1.3 x 1O~’

4 . 101
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Table 86
FATIGUE CRACK GROWTH RATES FOR

Ti-6A i-4V ALLOY PLATE , BETA-ANNEALED

R = 0 . 5 , 6 cpm

Air

AK da/dN
(ks i/T~i.) ( i nch/cycle)

Specimen No. FCP-8-T

14.6 2.8 ~16 8.6 x
26.3 3.8 x iO 436.3 1~ 1 x i0

• 37.8 1.6 x icY
47.8 1 .1 x 1O~

- : Specimen No. FCP-4-L

12.9 9.1 x lO~~
13.1 1 x iol
20.2 2.7 x l0 ’
21.7 2.8 x icY
25.5 3.4 x 10
25.8 4.4 x 10
26.5 5.2 x iO~~35.3 1 x lcY A
44 .7 3.4 x 1O~~44.9 5.2 x 10 ’

4.

102 ; -
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Tabl e B7
— FATIGUE CRACK GROWTH RATES FOR

Ti 5A1 4V ALLOY SHEET, DUPLEX-ANNEALED

R 0.05, 60 cpm

Air 3. 5% NaC 1

AK da/dN AK dafdN
(ksi/iii~) ( i nch/cycle) (ks i,/lii.) (inch/cycle)

Specimen No. S-3-5-T Specimen No. SC-3-2-T

10.4 3.28 x io 6 10.2 9.2 x io_6

10.8 2.5 x io 6 il.6 1.4 x l0~~
11.2 3.92 x icY6 13.0 2 x i0’~
16.4 1.2 x iol 14.5 3 x 1O~~• 17.2 2 x l0~~ 21 1 x icY
17.9 1.8 x i0~~ 22.4 1.25 x icY
18.1 1.67 x iol 23.2 2 x lO~21.9 2.3 x 1O~~ 30 - 4.4 x lcY
22.2 2.5 x i0~~ 31.3 5.2 x icY
23.1 2.75 x 10~~ 32.8 5.7 x l0~
24.3 4 x 1O~~ 36.5 4.9 x 1O~~
30.1 6.97 x iDI 37.5 6.9 x icY’
30.8 8 x i0~~ 39 8.3 x icY..
31.8 7.49 x 1O~~ 43.1 1.1 x icY”
37.7 1.5 x iO~~ 45.6 1.2 x lcY 3
38.4 1.4 x icY’ 50 1.4 x 10~~
39.3 1.47 x l0~~ 50.9 1.5 x icY 3
43.5 2 x i0~~ 52.8 1.5 x l0~~
44.2 2.4 x icY’
47.7 3 x 10~48.6 2.8 x 10~~50.6 3.55 x 1O~~51.3 4.2 x l0~

4
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Table 88

FATIGUE CRACK GROWTH RATES FOR
T i-6A1-4V ALLOY SHEET , DUPLEX-ANNEALED

R = 0 . 0 5 ,6 o cpm

Air 3.5% NaC 1

AK da/dN AK da/dN
(ksi /lii.) (inch/cycie) (ksi/1i.) (inch/cycle)

Specimen No. SC-3-l-L Specimen No. SC-3-6-L

10.5 2.8 x io 6 2.7 x 101
10.9 2 x 101 10.3 4.6 X 10:6
ii.3 4 x 10 ~ li.6 5.6 x 10
11.9 5.2 x iO~~ 11.9 5.6 x iO~
16.9 1.25 x icY” 12.4 6.9 x icY
17.9 1.76 x i0~~ 14.8 1.3 x icY
i8.6 2.13 x 101 15.2 1.4 x 101
19 2.6 x 10 15.7 1.5 x 10
22.1 2.6 x iO~~ 16.8 1.8 x icY
22.5 2.7 x i0~~ i 9.9 3.7 x i0
23.5 3.4 x i0~~ 21.2 4.4 x icY
24.8 4.2 x i0~~ 21.7 5.4 ~ io~~31.7 6.9 x 10 ~ 23 7. 5 x 10
32.3 7.8 x i0~~ 23.4 8.4 x 10
33 6.7 x i0~~ 26.3 1.2 x 10~33.6 7.9 x io~~ 27.5 1.3 ~ io~~37.1 1.5 x 10 A 32.2 1.8 x 10
37.6 1.3 x lO~~ 33.5 2.3 x icY
38.5 1.4 x 10’

~ 39.6 6.6 x icY
39.6 1.8 x l0~~ 4i.i 7.4 x icY
44.8 3.3 x i0~ 43 9.04 x icY
45.5 2.4 x l0~~ 45 1 x 1O~

-~~ 
- 46.4 2.6 x i0~~ 49.7 1.1 x i0~~48.7 3.8 x 10~~ 50.9 1.26 x iO~~49.5 3.8 x icY’

50.2 4 x 1 0 450.6 3.5 x 1 0

4.
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Table 89
FAT IGUE CRACK GROWTH RATES FOR

Ti-6A1-4V ALLOY SHEET, DUPLEX-ANNEALED

R = 0 . 5 , 6O cpm

Air  3.5% NaCi

AK da/dN AK dafdN
(ksl /iii .) (inch/ cycle) (ks1/T~.) (inch/cycle)

Specimen No. S-3-4-L Specimen No. SC-3-5-L

10.5 7.6 x io 6 10.5 4,8 x
10.7 8.5 x iol ii 6.3 x io 6
11.5 9 x 10’~ 11.5 7.4 x lcY~19.1 2.9 x iO~~ 12.2 9.3 x icY6

27.6 8.7 x i0~~ 13.1 1.3 x i0~~
• 33 1.6 x l0~~ 14.2 1.8 x i0~~

38.1 1.9 x iO~~ i7.4 2.8 x icY
45.2 3.1 x iO~ 18.3 3.2 x icY
46.8 4 x icY’ 19.9 5 x icY
49.9 5.1 x icY4 24.4 ‘1.9 x

25.9 2.2 x
27.7 2.7 x icY
31.5 6.1 x iDI
33 7 x i c Y
34 8 x 1 0
38 1.2 x 10 .,
39.3 1.5 x 1O ”
40 1.2 x 1cY3

43.8 2.1 x iol
• 45 ,5 2 x l O ~~47.1 2.3 x icY”

49.6 2.5 x icY
51.5 2.7 x lO~

4 
4,
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Table 810

FATIGUE CRACK GROWTH RATES FOR
Ti-6A1-4V ALLOY SHEET, DUPLEX-ANNEALED

R = O . 5 ,60 cpm

Air 3.5% NaC1

AK da/dN AK da/dN
(ksi1ii~.) (inch/cycle) (ksi,9i.) (inch/cycle)

Specimen No. S-3-3-T Specimen No. SC-3-3-T

5.2 1 x io 6 14.6 5.3 x 1O ’
~5.5 1.35 x iol 16.7 4.6 x 101

5.7 1.4 x 10 ~ 26.3 2.6 x 10
10.1 4.7 x iO~~ 27.9 3.6 x icY
10.6 7.5 x i0~~ 29.4 4.8 x l0~11.3 8 x i0~~ 36.7 9.7 x l0~12 8.5 x io 6 38 1.1 x iO~~15.6 2.8 x iol 

- 43.9 2.2 x iO~~17 3.4 x l0~~ 45.1 2.1 X 10:3
18.5 4.6 x 10 48.7 2 x 10
24 9 x 1 O ~~25.1 1.1 x icY’
30.5 1.8 x icY

- 
- 31.3 2.1 x l0 432.1 2.7 x 10 436.4 3.1 x

37. 2 3.4 x 10 438 5 X 1o:443.5 5 x l O
48.9 8.4 x itY

1~ ,
~~~~~ 
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Table Bli
FATIGUE DATA FOR T1-6A1-4V ALLOY PLATE

AT ROOM TEMPERATURE AND 1800 cpu

Smoot~i Specimen - Kt 1

Maximum
Gross Cycles to

Specimen Test Stress Failure
Number Direction (x 1000) R (x 1000)

FP-19 T 
- 125 0.05 2

-13 120 17
-8 110 42
-7 100 42
—2 90 1,725
-14 90 74
-20 80 232
—23 80 2,814
-l T 50 4,890*

FP-28 L 100 64
-25 80 i64
-26 60 10,347*
-27 L 59 0.05 641

FP-21 T 130 0.50 64
-22 130 104
-3 120 743
-4 120 89
—15 120 131
—16 120 131

110 1 ,359
-10 110 0.50 1 ,406

FP-5 80 —1.0
-17 80 32
-6 70 66
-ii 70 36
-12 60 156
-18 60 116
-24 1 60 -1.0 2,806

• *No fai lure
**Grip fa i lure

4~T~ 
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Table B12

FATIGUE DATA FOR Ti-6A 1-4V ALLOY PLATE
AT ROOM TEMPERATURE AND 1800 cpu

Notched Spec imen - Kt = 2.53

Maximum
Gross Cycles to

Spec imen Test Stress Fa i lure
Number Direction (x 1000) R (x 1000)

CHFP-19 1 82.5 0.05 6
-2 80 4
-7 62.9 18
— 13 62.7 20
-l 60 16
-14 42 81
-8 4i.8 800
-20 T 41.8 2 ,639

CHFP-26 L i04 .5 4
-25 83 4
-27 62.8 18
-28 L 42 0.05 1 ,579

CHFP-22 T i04.7 0.50 1
-9 104.4 7
-15 101.7 2
—16 83.7 3i
-10 83.6 24
-4 80 39
-21 72 3,713
-3 55 0.50 841

CHFP-12 62.8 -1.0 1
-5 60 2
-ii 41.8 7
-18 41.6 10
-6 40 13
— 17 31.5 73
-23 31.1 69
-24 1 20.9 -1.0 5,041*

*No failure
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Table B13

FATIGUE DATA FOR Ti-6A 1-4V ALLOY SHEET
AT ROOM TEMPERATURE AND 1800 cpu

Smooth Spec imen - Kt = 1

Max imum
Gross Cyci to

Spec imen Tes t Stress Fa i lure
Number Direction (x 1000) R (x 1000)

SFS-19 1 130 0.05
-8 120 43
-13 120 53
-2 110 24
-7 110 134
-14 110 134
-20 110 5,033*
-i 1 90 302

SFS—26 L 120 38
-28 110 68
-27 100 522
-25 L 90 0.05 4,739

SFS-22 T 130 0.50 329
-16 125 836
-3 120 176
-4 i20 1 ,795
-9 120 1 ,985
-15 120 1 ,522
-10 110 2,888
-21 110 2,473
-E3 130 119
-E5 120 0.50 2,255

SVS-24 90 -1.0 1
-Xl 90 36
-17 86 78
-5 80 1
— 12 80 35
-6 70 1
-18 70 4,028
-X2 70 181
-23 64.2 72
-Ii 60 2,028*
-EiO T 50 -1.0 7,470*

*No fa i lure
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Table B14
FATIGUE DATA FOR Ti-6Ai-4V ALLOY SHEET

AT ROOM TEMPERATURE AND 1800 cpm

Notched Spec imen - Kt = 2.53

Max imum
Gross Cycles to

Specimen Test Stress Failure
Number Direction (x 1000) R (x 1000)

CHF-l T 80 0.05 7
-8 80 1
-13 80 1*
-2 60 1 ,130
-7 60 23
-14 60 27
-19 60 26
-20 40 1 ,895
-24 T 40 1 ,741

CHF-26 L 100 3
-25 80 7
-27 60 28 —

-28 L 40 0.05 2 ,1c 3

CHF-9 T 100 0.50 14
-22 100 12
-10 80 38
-15 80 1
-16 80 43
-21 80 43
-3 80 1 ,526
-4 60 0.50 1 ,247

CHF-5 60 —1.0 1
-12 60 2
-6 40 19
-11 40 18
-17 30 484
-23 30 444
-18 1 20 -1.0 9,273

- I . *Grjp fa i lure
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Figure 81.— Fatigtie Crack Propagation Vs. Stress Intensity Range for Ti-6A 1-4 V Plate
(Phase Il l Material).
Annealing. 1845°F , 20 Mm ,. Ac + 1350°F. 2 Hrs., AC.
Test Conditions: f - 60 cpm; A - .05
S~.’mbols: o = Crack Plane Transverse to Rolling Direction

A — Crack Plane Parallel to Rolli ng Direction
Open = Air
So/ id 3.5% NaCI
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Figure 8 . —Fatigue Crack Propagation Vs. Stress Intensity Range for Ti- 6A 1.4V Plate
(Phase Ill Material) .
Annealing.- 1845° F, 20 Mm ., Ac + 1350° F, 2 Hrs., AC.
Test Conditions: f - 6 cpm; A - .05.
Symho~s: 0—  Crack Plane Transverse to Rolling Direction

A = Crack Plane Parallel to Rolling Direction
Open — Air
Solid 3.5% NaCI
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• Figure 83.— Fatigue Crack Propagation Vs. Stress Intensity Range for Ti-6A 1-4V Plate
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Figure 84.— Fatigue Crack Propagation Vs. Stress Intensity Range for Ti-6A 1-4 V Plate
(Phase Ill Material) .
Annealing: 1845°F, 20 Mm ., Ac # 1350° F, 2 Hrs. , AC - -

~ —

Test Conditions.- I - 6 cpm,- A - .5.
Symbols: 0 = Crack Plane Transverse to Rolling Direction

A = Crack Plane Parallel to Rolling Dir,cri ’-
Open — Air
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Figure 85.— Fatigue Crack Propagation Rate Vs. Stress Intensity Range for Ti.6A 1-4 V Sheet
(Phase III Material).
Annealing: 1730° F, 10 Mm ., AC + 1350° F, 2 1-Irs., AC.
Test Conditions: f - 60 cpm; A - .05.

• Symbols: 0 = Crack Plane Transverse to Rolling Direction
- 

A Crack Plane Parallel to Rolling Direction
Open=Air

- Solid = 3.5% NaCI
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Figure 86.—Fatigue Crack Propagation Rate Vs. Stress Intensity Range for Ti-6A 1-4 V Sheet
(Phase III Material) .
Annealing: 1730° F, 10 Mm ., AC # 1350°F, 2 Hrs., AC.
Test Conditions: f - 60 cpm; A - .5
Symbols: 0=  Crack Plane Transverse to Rolling Direction

• A = Crack Plane Parallel to Rolling Direction
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Solid ’ 3.5% NaCI
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APPENDI X C

- PROPOSED MATERIAL SPECIFICATIONS FOR TITANIUM ALLOY 6A1-4V

DAMAGE-TOLERANT GRADE PLATE AND SHEET
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PROPO SED
MILITARY /AIR FORCE MATERIAL SPECIFICATION

T I T A N I U M  ALLOY 6 A1- 4 V  DAMAGE-TOLERANT GRADE PLATE

1 .0 SCOPE

1. 1  Scope - This specification covers beta—annealed titanium alloy
Ti—6Al -4V plate for damage-tolerant structure applications.

1.2 Classification - Material shall be furnished in the beta-annealed
condition .

2.0 A PPLICABLE DOCUMENTS

Except where a specific issue is indicated , the issue of the following
documents in effect on the date of invitation for bid shall form a part of
this specification to the extent indicated herein.

a. AMS 2242 - Tolerance , Corrosion and Heat Resistant Steel and Iron
Base Sheet, Strip, and Plate

b, AMS 2249 — Chemical Check Analy sis Limits , Titanium and Titanium
Al l oys

c. AMS 2631 - Ul trasonic Inspection of Titanium Al l oys

d. ASIM E-8, Tension Testing of Metallic Materials

e. ASTM E-12O - Methods of Chemical Analysis for Titanium and
Titanium Alloys 

- 
-

f. ASTM E-385 - Test Method for Oxygen Content Using a 14-MeV Neu-
tron Activation and Direct Counting Technique - -

4 - 1
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- - -

g. ASIM E-399-74 - Method of Test for Plane Strain Fracture Tough-

ness of Metallic Mater ials

h. Federal Standard No. 184 - Identification Markings for Aluminum ,

T i tan ium and Magnes i um

i. MIL-H-81200 - Heat Treatment of Titanium and Titanium Al loys

j . MIL—STD- 105 - Sampling Procedures and Tables for Inspection by
Attributes

3.0 REQUIREMENTS

3.1 Material

3.1.1 Me1tin~ - The material shall be produced by multiple melting

under vacuum or inert gas atmosphere . If inert atmosphere is used , pres-

sure shall not excee d 250 nri of mercury . Melting processes shall include ,
either sing ly or in combination , consumable electrode arc , electron beam ,
or other vacuum melting processes suitable for the production of mater ials
meeting the requirements of this specif ication . Final stage melting shall
be i n vacuum.

3.1.2 FabrIcation - Material shall be cross rolled at a maximum tern-

perature of B.~. min us 75°F. The rolling in any one direction shall not

exceed 60 percent of the total reduction from starting stock to finished
• size. Fina l rolling to finish gage shall be by 50 percent reduction mini-

mum at a maximum temperature of 
~~~

. minus 100°F.

• 3.1.3 Heat Treatment - Material shall be beta annealed at 
~
8T plus

50°F) + 25°F for 30 minutes and cool ed at a minimum rate of 50°F per minute
to 1 200°F. Be low 1200°F the cooling rate is optional. The material shall

then be annealed at 1350°F + 25°F for 2 hours. Cooling rate is optional.
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NOTES:
( 1 )  Beta-transus temperature shall be determined in accordance with

Section 4.4.6 on the material reduced to 8 inches of thickness or
less.

(2) Material shall be held at temperature for sufficient time to

assure that the most remote section (e.g., mid -thickness position
in the center of plate) ~s at tempera ture 

~‘~T 
plus bO’F) ~or 3(1

minutes .

(3) Temperature control and calibration shall be in accordance wit~i
MIL -H—8 1  200 .

3.1.4 Finish - Plate shall be grit blasted and pickled .

3.2 Chemical Composition - The chemical composition of each lot shall

comply with Table I and shall be sampled and analyzed per Section 4.4.1.

After all processing has been completed , at leas t one samp le from eac h lot
shall be taken for oxygen and hydrogen analysis.

- I -
~~ Ta b le I - Chemical Composition

- I Element Composition (Weight Percent) (1)

Titanium (2) Remainder
Aluminum 5.7-6.2
Vanadium 3.6-4.4

Iron 0.25 max.
Car bon 0.05 max.
Hydrogen 0.0125 max.

Oxygen 0.11 max.
Nitrogen 0.03 max.
Yttrium 0.005 max.
Other Impuriti & (3) 0.40 max .

4,
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NOTES:
(1) Check analysis shall be in accordance with AMS 2249. Check an-

alysis tolerances do not broaden the specified analysis require-

ments , but cover variat ions between laboratories in the measure-

ment of chemical content. The producer shall not ship material

that is outside the weight percent limits specified in the above
- table. The purchaser shall not reject for chemica l analysis ,

material within the check analys i s tolerance.
(2) Need not be reported .

(3) Need not be reported. Any individual element shall not exceed

0.10 percent. No deliberate additions shall be made.

3.3 Mechanical Properties

• 3.3.1 Tensile Properties - The tensile properties of the material
• shall conform to the requirements specified in Tabl e II tested in accor-

dance with Section 4.4.2. One longitudinal (L-T), one transverse CT-I),

and for plate over 2.500 Inches in thickness one short transverse (S-I)

tensile test shall be conducted on specimens cut from each plate until such

time as a statistical sampling plan is approved by the purchaser. The

specimens shall be cut from the mid-thickness position of the plate . The

average results of the tensil e tests for each lot shall show a max imum
difference between the transverse and longitudinal directions of 4.0 ksi
for the ultimate strength and 5.0 ksi for the yield strength.

Table I I  - Minimum Tensile Properties

Yield Strength Elong. %
Thickness Ultimate Strength (0.2% Offset ) in 2 in. or 4D
(in.) (ksl) (ksi) Ion~. & Trans.

0.188-0.500 130 117 10.0
0.501-1.000 127 115 10.0

1.001-2.000 125 112 8.0
2,001-4.000 

- 

122 110 
- 

8.0
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3.4 Fracture Properties

3.4.1 Fracture Toughness - Material 0.5 inch and thicker shall meet a
KIC or KQ of 85 ksi/T~i. minimum when tested in accordance with Section

4.4.3. Two tests shall be made in the transverse direction (I-I) for each

lot of mater ial. Both tests shall meet the minimum Ki~ 
or KQ requirements.

3.4.2 Stress Corrosion - Mater ial shall meet a KSL of 61.) ksi/Th. when
tested in accordance with Section 4.4.4. One test shall be conducted in

the transverse (T-L) direction per lot until such time as a statistical

test plan is agreed upon between purchaser and supplier.

3.5 Microstructure - Microstructure shall be determined in accordance

with Section 4.4.5. The mi cros tructure shal l show no surface oxygen con-
tamination as evidenced by a different microstructure morphology (stabil-

ized alpha phase) at the surface. The microstructure shall be uniform and

consist of basketweave or Widmanstatten morphology and shall not contain

primary or equlaxed alpha phase. Prior beta grains exceeding 0.050 inch In
width or 0.100 inc h in l ength shall constitute no more than 10 percent of

the microstructure when examined at lO-50X magnification. A prior beta

grain is a reqion of basketweave morphology which has transformed from a
sing le beta gra in.

3 .6 Di nien - lufld 1

3.6.1 ~~~~~~~~~~~~~~~~~~~ and Stra ightness Tolerances - Th ick-
ness , length , width , and stratghtne-~s tolerances shall conform to AMS 2242.

3.6.2 Flatness T o l e r a n c e s  - Plate flatness tolerances shall be as
agreed upon by purchaser and supplier when measured in accordance with
Section 4.4.7. Cold or hot (lower than 1250°F) flattenIng of material may
be performed if the material is subsequently stress relieved by holding for
30 mInutes at 1250 + 25°F.
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3.7 Ul trasonic Inspection - Plate 1/2 to 4 inches in thickness shall

meet the requirement s of Class Al of AMS 2631 and Section 4.4.8 except

discontinuity indications (noise or hash) shall not exceed 40% of the
response from 3/64-Inch f lat bottom hole for 0.5- to 1.0-inch plate and 70%

for 1.0- to 4.0-inch plate.

3.8 Identification of Product - Each plate shall be marked in accor-

dance with FED-STD-184. In addition , each plate shall be marked with the

heat number , the number of this specification , composition , and heat treat-

ment condition .

3.9 Workmanship - The material shall be uniform in quality and condi-

tion , free from harmful alloy segregation and surface contaminations by
oxygen , nitrogen, or other contaminants , and foreign material, it shall be

• clean , sound , smooth, and free from buckles or oil cans in excess of flat-
ness tolerances , cracks , seams , grind marks, and other injurious defects
detrimental to the fabrication or performance of parts .

4.0 QUALITY ASSURANCE PROVISIONS

4.1 Responsibility for Inspection - Unless otherwise specified in the

contract or purchase order, the supplier is responsible for the performance

of all inspection requirements as specified herein. Except as otherwise

specified , the supplier may utilize his own facilities or any comercial
laboratory acceptable to the procuring activity . The purchaser reserves

the right to perform any of the inspections set forth in the specification
where such inspec ti ons are deemed necessary to ensure that mater ial con-
forms to prescribed requirements.
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4.2 Supplier Quality Control - An internal quality control system

wh ich outlines procedures followed to assure compliance with all require-

ments of this specification is requ ired. The system must include , but is

not limited to, the following : (1) a plan for periodic heat treatment and

test equipment calibration and certification with record control , (2) an

in—process control plan and record system for processes subsequent to the

final rolling operation , and (3) an end i tem inspection and testing plan

and record system. Records indicat ing compliance with this system will be

made available for review to a qualified representative of the purchaser.

4.3 Examination of Product - Plates shall be individually inspected .

Acceptance criteria shall be in accordance with MIL-STD-l05, Inspec ti on
Level II, Acceptable Quality Level 1.5 percent. All plates shall be

v i sual ly exam i ned for conformance w ith requirements for cond i t ion , identi-
• fication , workmanship, and dimensions.

4.4 Quality Conformance Tests

4.4.1 Chem i cal Analysis - Chemical composition for all elements ex-

cept hydrogen and oxygen shall be determined using ASTM E-12O . Analysis

for hydrogen shall be performed using a process calibrated against the NBS

standard for hydrogen in titanium. Analysis for oxygen shall be per ASTM

E-385. Any other analysis methods having equivalent or better accuracy and
precision than the above methods may be used provided they are approved by
the purchaser. Analysis for oxygen content shall be performed by a tech-
nique having an accuracy standard deviation of 50 ppm or better. Check
anal ysis shall be according to AMS 2249.

4.4.2 Mechanical Properties Testij~g - Tens i le test ing shall be done
in accordance with ASTM E-8. The strain rate shall be 0.003-0.007 inch per
inch per minute through 0.2 percent offset plastic strain and then increas-
ed to 0.075-0.125 inch per inch per minute to failure . If a dispute occurs
between the purchaser and supplier , a referee test shall be performed on a
machine having a • strain rate pacer , using a rate of 0.005 inch per inch per
minute through the yield strength.
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4.4.3 Fracture To~~hness Test - Frac ture toughness test shall be per-
formed in accordance with ASTM E-399-74.

4 . 4 . 3 . 1  Test  Specimen - The spec imen used shall be the compact ten-
sion specimen specified in ASTM E-399-74, Figure 5 , using the “W ” dimension

specified in Table III.

Table III - Fracture Toughness Specimen Configurations

Plate Thickness, in.
(B , ASTM E-399-74) W (ASTM ~ .399—74), in.

0.5 - 1.0 2.0

1.1 - 4.00 3.5
NOTES :

• (1) The tolerances of Figure 5 In ASTM E-399-74 apply except in the

instance of W/2 4- 0.010 B.

(2) Material may be machined 0.010 inch maximum from each side .

4.4.3.2 Post-Test Validity Verification for Specimen - In order to

es tabli sh a measured level of K~ as a val id Ki~ 
value , all of the validity

• cri teria of ASTM E399-74 must be satisfied . Otherwise , the value reported

shall be KQ.

4.4.3.3 Test Data - At the time of testing , the following data shall

be recorded on the load-displacement test record :

(1) Date
• (2) Specimen identification

(3) Load scale cali bration (lb/in, chart)

(4) Displacement scale calibration (in./in. chart)

(5) Loading rate in terms of K1 per ASTM E399-74

(6) (lb)
(7) MAX (lb)
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(8) Temperature

(9) Relative humidity

(10) Testing laboratory

(11) Tes t mach ine
(12) Operator
4.4.3.4 Reduction of Test Data - Test data shall be reduced as sped-

fied in A5TM E-399-74 to calculate a KQ value and to determine if a valid

Kic property value has been measured .

4.4. 3.4. 1 Requi red Tens i le Tes t Data - Tens i le test coupons shall be
provided for validity verification wherever fracture toughness coupons are

called out. In checking for validity , the yield strength value used shall

be the yiel d strength measured for the same p late as the fracture toughness
specimen. A minimum of one transverse (T-L) tensile specimen taken imed-

iately adjacent to the location of the fracture toughness specimen is
required .

4.4.3.5 Invalid Test Results — If a value of K is invalid solely on
the basis of either of the following criteria , (1) B < 2.5 (KQ/TYS) , or
(2) 

~max ”~Q 
-, 1.10, then such value KQ may be compared to the minimum level

specified in Section 3.4.1 for qualification purposes. Otherwise (i.e., in
the case of a I(~ value invalid on the basis of other ASTM E-399-74 criteria
- e.g., crack front curvature , etc.), a minimum of a single retest shall be
requ ired .

4.4.4 Stress Corrosion Testing - This testing procedure covers the

determination of fracture toughness for Ti-6Al-4V beta processed plate in
an env i ronment of 3.5 percent NaC1 and distilled water.

4.4.4.1 List of Terms
K A stress intensity factor derived from fracture mach-

an i cs
KSL A stress intensity factor sustained at a specified

l evel for 20 minutes in aqueous 3.~ percent NaCl
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B Spec imen thickness

W Specimen width

a Total crack length (sum of notch and fatigue crack

length)

4.4.4.2 Apparatus - Stress corrosion test apparatus shall meet the

requirements of ASTM E-399-74 for compact tension specimens with the addi-

• 
- 

ti on of a salt wa ter reservo ir.

4.4.4.3 Test Specimen - Compact tension specimens shall be prepared

— in accordance w i th Sec ti on 4.4. 3.1. The spec imens shall be precracked in
accordance with ASTM E-399-74. Post-test examination shall be made to

ensure that the crack front (as precracked) meets the criteria of ASTM

E399-74.

4.4.4.4 Test Procedures

a. Calculate the load required to develop K51 55 ksiv -’Th.

using the calculations for compact tension specimens of ASTM

E-399~-74.

b. Assemble a saltwater reservoir enclosing the precracked

area. Fill the reservoir with saltwater making sure that

the crack tip is completely imersed.

c. Load the specimen to K51 
= 55 ksiv9i. at a l oad rate In

terms of K1 per ASTM E-399-74. Hold the load at K.51 for 20
minu tes. If the specimen has not failed after 20 minutes at

KSL, raise the load at the same rate as used initially until

fracture.

d. Calculate K at fracture per ASTM E-399-74.
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4.4.5 Determination of Microstructure - One microstructural determin-

ation shall be made for each lot. The specimen surface shall be parallel

to the rolling direction and perpendicular to the plate surface (transverse

section). Examination shall be made by traversing the entire thickness of

the plate at a magnificat ion of 500X. Etching shall be by inmiersion in

Kroll ’s etch (2 percent HF , 10 percent HNO3, 88 percent H20) for approxi-
mately 15 seconds with a water rinse followed by ininersion in 0.5 percent

HF solution for 5-10 seconds. A photograph of the typical microstructure

at the center and both surfaces of the plate shall be taken at 200X rII~~gni-

fication and one photograph at l0-50X magnif ication showing representative

micros tructure .
4.4.6 Beta Transu~ Determination — The beta transus shall be deter-

mined by any suitable methods , subject to approval by the purchaser Quality

Contro l . Thermal control s and readouts shall be cal ib rated to an ac curacy
of ~

- 5°F. The beta transus determinations from the same lot shall be re-

peatabl e within + 15°F.

4.4.7 DeterminatIon of F l atness Var iati on - The amount of var i ati on
from flat shall be determined by measuring the distance from a straight

edge laid in any direction upon the material , to the material surface at

the point of greatest deviation . Both sides of each plate shall be in-
spected for flatness.

4.4.8 Ultrasonic Test - Ultrasonic inspection shall be performed in

accordance with AMS 2631. Instruments shall be adjusted to produce a dif-

ference in the height of indications from 2/64- and 3/64-inch-diameter
holes in reference standards.

5.0 PREPARATION FOR DELIVERY

5.1 H~ntifi cation - Each plate shall be marked in accordance with
Federal Standard No. 184. In addition , each plate shall be marked with Ti-
6Al-4V , beta-ann eale-l , heat number, lot , and the number of this specifica-
tion , Inclu ding the plicab le revision letter.
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5.2 Packaging and Marking

a. Packa ging shall be such as ~.o assure safe delivery.

b . Eac h container shall be durably and legibly marked with the

following information :

Material specification number includ ing the applicable

revision letter , the supplier ’ s name , Ti -6Al-4V , lot number ,

purchase order number , and quantity.

S.D NOTES

6.1 Intended Use - The materials procurabl e under this specification

are intended for structural applications in airborne vehicles and equipment

where hi gh fracture toughness is required . The materials are weldable by

elec tron beam, plasma arc , friction , and diffusion welding processes.

6.2 Ordering Data - Procurement document should state the following :

a. 
- 

Title, number , and date of this specification

b. Size and thickness

6.3 Definitions

Plate - A flat rolled product of 3/16 (0.1875) ir.ch and over in

thickness and over 12 inches in width wi th the w idth at least 10 times the

thickness.

Lot - Any plate or group of plates from the same ingot that were

processed together through all rolling , thermal , and chemical process ing
operations. Only plates that are either cut from a large plate after the

final roll ing operation or are rol l ed as a stack are considered rolled
together.

4.
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Beta Transus Temperature (V
~T
) - The l owest temperature at which

100 percent of the material is converted to the beta phase during a heat

treatment of one hour time at temperature as evidenced by microstructura l

examination .

Test Spec imen Orientation - The test specimen orientations referred to

in this specification shall be in accordance with ASTM E-399-74: longitu-

dinal , L-T ; transverse , 1-1; and short transverse , S-I.

6.4 Reporting of Data - The supp lier shall furnish the purchaser

three cop ies of actual test data showing conformance to chemical composi-

tion , mechanical and fracture properties , and microstructure requirements

F with each lot of material. In the case of subsequent machining and/or heat

treating by a second outside source, these reports will trave l from sup-
plier to machining/heat -treat processor , then to the purchaser. The report

shall include:

. Purchase Order Number
b. Material Specification Number and Revision
c. Lot Number

d. Heat Number
e. B ill et Number and Bil le t Convers i on Source
f. Quantity and Size

g. Mechanical and Fracture Properties
h. Chemical Analysis

i. Microstructure (200X and 50X Magnification)
j . Beta Transus Temperature
k. Specific Heat Treat Cycle Used

m. Results of Ultrasonic Inspection

Nonpropr i etary rrocess i ng informati on shall be made available to pur-
chaser upon request, and data shall be retained for a period of time deter-
mined by purchaser Quality Control and then purged only with the prior con-
currence of the purchaser.
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PROPOSED
MILITARY/AIR FORCE MATERIAL SPECIFICATION

TITANIUM ALLOY 6Al-4V DAMAGE-TOLERANT GRADE SHEET AND STRIP

1.0 SCOPE

H 1.1 Scope - This specification covers duplex-annealed Ti-6A1-4V

titanium alloy sheet and strip for damage-tolerant structure applications.

1.2 Classif ication - Material shall be furnished in the duplex-

annealed condition.

2.0 APPLICABLE DOCUMENTS

Except where a specific issue is indicated , the i ssue of the follow ing
documents in effect on the date of invitation for bid shal l form a part of
this specification to the extent indicated herein.

a . AMS 2242 - Tolerance , Corros ion and Heat Res i stant Steel Sheet
and Iron Base Sheet, Strip, and Plate

b. AMS 2249 - Chemical Check Analysis Limi ts, Titanium and Titanium

Alloys

c. ASTM E-4 - Verification of Testing Machines

d. ASTM E-8 - Tension Testing of Metallic Materials

e. ASTM E-l20 - Methods of Chemical Analysis for Titanium and
Titanium Alloys

f .  ASTM E-29O - Semi-Guided Bend Test for Ductility of Metall ic
Mater ials

g. ASTM E-385 - Test Method for Oxygen Content Using l4-MeV Neutron
Ac ti vat i on and Di rec t Count ing Techn ique
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h. ASTM E-561-76T - Tentative Recommended Practice for R-Curve
Determination

i. Federal Test Method Standard No. 151 - Metals; Test Methods

,j. Federal Test Method Standard No. 184 - Identification Markings

for Aluminum , Titanium , and Magnesium

k. MIL-H-8l200 - Heat Treatment of Titanium and Titanium Alloys

m. MIL-STD-105 - Sampling Procedure and Tables for Inspection by

Attributes
3.0 REQU IREMENTS

• 3.1 Material

3.1.1 Melting - The material shall be produced by multi ple melting
under vacuum or inert gas atmos phere . If inert atmos phere i s used , pres-
sure shall not exceed 250 m of mercury . Melting processes shall include ,

either singly or in combination , consuma b le elec trode arc , elec tron beam,
or other vacuum melting processes suitable for the production of materials

meeting the requirements of this specification. Final stage melting shall

be in vacuum.

3.1.2 Fabrication - Material shall be cross rolled at a maximum tern—
r perature of 

~~~~ 
minus 75°F. The rolling in any one direction shall not

exceed 60 percent of the total reduction from starting stock to finished

s i ze. Fi nal rolling to f i ni sh gage shall be by 50 percen t reducti on mini-
mum at a temperature of 

~T 
minus 100°F maximum.

3.1.3 Heat Treatment - Material shall be annealed at (BT minus 50°F)
+ 25°F for 10 minutes at temperature and cooled at a minimum rate of 50°F

• per minute to 1200°F. Below 1200°F the cooling rate is optional. The
material shall then be annealed at 1350 4’ 25°F for 2 hours . Cool i ng rate
is optional.
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NOTES :
(1) Beta-transus temperature shall be determined in accordance with

Section 4.4.7 on the material reduced to 8 inches of thickness or

less.
(2) Mater ial shall be hel d at tempera ture for suff i c ient time to

assure that the most remote section of the sheet is at tempera-

ture 
~~ 

minus 50°F) for 10 minutes.
( 3) Temperature contro l and cal ib ration shal l be in accordance w i th

MIL-H-81 200.

3.1.4 Finish - Materia~ shall have a surface appearance equivalent to

a 2D finish for commercial corrosion resistant steel and shall have a 32

RHR or better surface roughness. All material shall have been sanded and

subsequent’y pickled with a minimum of 0.0015 inch removed by pickling per

surface.

3.2 Chemical Composition - The chemical composition of each lot shall
comply with Table I and shall be sampled and analyzed per Section 4.4.1.

After all process i ng has been comp leted , at l eas t one samp le from eac h lo t

shall be taken for oxygen and hydrogen anal ysis.

Ta bl e I - Chem i cal Compos i t ion

Element Composition (Weight Percent) (lj

T it an ium (2) Rema inder
Alum inum 5.7-6.2

Vanadium 3.6-4.4

Iron 0.25 max.

Car bon 0.05 max.
Hydrogen 0.0125 max.

Oxygen 0.11 max.

Nitrogen 0.03 max .

Ytt  ium 0.005 max.

0th - Impurit ies , Total (3) 0.40 max .
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NOTES :
(1) Check analysis shall be in accordance with AMS 2249. Check

analysis tolerances do not broaden the spec ifi ed analys i s
requ i rements, but cover variations between laboratories in the

‘ measurement of chemical content. The producer shall not ship

material which is outside the weight percent limits specified in

the above table. The purchaser shall not reject for chemical

ana l ysis, material within the check analysis tolerance.
(2) Need not be reported .

(3) Need not be reported . Any individual element shall not exceed

0.10 percent. No deliberate additions shall be made.

3.3 Mechanical Properties

3.3.1 Tensile Properties - The tensile properties of the material

shall conform to the requirements specified in Table II tested in accor-
dance with Section 4.4.2. One long i tudinal (L-T) and one transverse (I-I)
tensile test shall be conducted on specimen s cut from each lot until such

time as a statistical sampling plan is approved by the purchaser. The

specimens shall be cut from the mid -width position of the sheet. The
average results of the tensile tests for each lot shall show a maximum

difference between the transverse and long i tudinal directions of 4.0 ksi

for the ultimate strength and 5.0 ksi for the yield strength .

Table II - Minimum Tensile Properties

Yiel d Strength Elon g . %
Thickness Ultimate Strength (O.2~ Offset) in 2 in. or 40

( i n.)
__- 

(ks i) (ksi) Long. & Trans.

Under 0.017 130 120 6.0
0.017-0.032 130 120 8.0

0.033-0.187 130 120 10.0
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3.3.2 Bend Properties - Material shall meet the bend requirements in 
p

Table 111 at room temperature without showing a separation or cracking of

the outer fibers as observed at 20X magnification when tested in accordance
with Section 4 .4.3 . At least three transverse and three longitudinal
specimens shall be tested from each sheet until such time as a statistical

sampling plan is approved by the purchaser.

TABLE III - Bend Properties

Nominal Thickness (in.~ Ratio of Bend Radius to Thickness

under 0.070 4.0

0.070-0.187 4.5

3.4 Fracture Properti es

3.4.1 Fracture Toughness - Material shall meet a K
~ 
of 140 ksi/i~i.

minimum when tested in accordance wi th Section 4.4.4. One test shall be

made in the transverse (1) direction for each lot of material.

3.4.2 Stress Corrosion - Material shall r~eet a minimum KSL of 120
ksii/Th. when tested in accordance with Section 4.4.5. One test shall be

conducted in the transverse (T) direction per lot until such time as a

statistical test plan is agreed upon between purchaser and supplier.

3.5 Mi crostructure - Microstructure shall be determined in accordance

with Section 4.4.6. The microstructure shall show no surface oxygen con-

tamination as evidenced by a different microstructure morphology (stabilized

alpha phase) at the surface. The microstructure shall consist of primary
alpha grains and regions of transformed beta. The regions of transformed

beta sha ll constitute at least 40 percent of the microstructure by area ,
but no more than 80 percent.
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3.b Dimensional Tolerances

3.6.1 Thickness, Length, Width , and Straightness Tolerances - Thick-

ness , length, width , and stra ightness tolerances shall conform to AMS 2242,
except the length tolerance for sheet over 20 feet long shall be pl us 3/4
inch minus 0.

3.6.2 Flatness Tolerances - All mater ial shall meet the follow ing
requ irements when measured in accordance with Section 4.4.8:

Gage (in.) Width (in.) Flatness [%)

under 0.025 36 and under 5

0.025-0.187 36 and under 3

3.7 Identification of Product - Each sheet shall be marked in accor-

dance with FED-STD-l84. In addition , each sheet shall be marked with the

heat number , the number of this specification , composition , and heat treat—

ment condition .

3.8 Workmanship - The material shall be uniform in microstructure ,
quality , strength , and condition . It shall be clean , sound , and free from
oil cans and ripples of depth in excess of the fla tness tolerance , harmful
alloy segregation , fore ign materials, i nterna l and ex ternal imperfec ti ons ,
and characteristics detrimenta l to the fabrication and/or perfo rmance of
parts. Ev idence of contamination and surface imperfections such as folds ,
lam inati ons , inclus ions, sanded f i n i s h , rolled—in scale , pits , cracks ,
cuts , seams , blisters , dents , and grind marks shall be cause for rejection .

- 
~4_ 

-

—  

144

________ _ _ _ _ _ _  

‘1
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _



4.0 Qu ALITY ASSURANCE PROVISIONS

4. 1 Responsibi lity for Inspection - Unless otherwise specified in the

contract or purchase order, the supplier is responsible for the performance

of all Inspection requirements as specified herein. Except as otherwise

• specified , the supplier may utilize his own facilities -or any coninercial
laboratory acceptable to the procuring activity . The purchaser reserves

the right to perform any of the inspections set forth in the specification

where such inspections are deemed necessary to ensure that material con-
forms to prescribed requirements.

4.2 Supplier Quality Control - An internal quality control system

which outl ines procedures followed to assure compliance wi th all require-

ments of this specification is required . The system must include , but is

not l imited to, the following : (1) a plan for periodic heat treatment and
test equipment calibration and certification with record control , (2) an
in-process control plan and record system for processes subsequent to the
f ina l  rolling operation , and (3) an end item inspection and testing plan

and record system. Records indicating compliance wi th this system w i ll be
made available for review to a qualified representative of the purchaser.

4.3 Sampjing - Except as otherwise specified , sampling plans and
procedures in the determination of the acceptability of products submitted
by a supplier shall be in accordance with the provisions set forth in MIL-

STD-l05 .

4.3. 1 Examination of Product - Sheet and strip shall be individually
inspected. Acceptance cri teria shall be in accordance with MIL—STD-1O5,

Inspection Level II, Acce ptable Qual ity Level 1.5 percent. All sheet and
strip shall be visually examined for conformance with requirements for

condition , identification, workmanship, and dimensions.
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4.4 Quality Conformance Tests
4.4.1 Chemical Analysis - Chemical composition for all elements ex—

cept hydrogen and oxygen shall be determined us ing ASTM E-120. Analysis

for hydrogen shall be performed using the hot extraction method described

in ASTM E-l46. Oxygen shall be determined by neutron activation in accor-

dance wi th ASTM E-385. Check analysis shall be according to AMS 2249. Any

other analysis methods having equivalent or better accuracy and precision

than the above methods may be used provided they are approved by the pur-

H chaser.
4.4.2 Tensile Test - Tensile testing shall be done in accordance with

ASTM E-8. The strain rate shall be 0.003-0.007 inch per inch per minute

through 0.2 perrent offset plastic strain and then increased to 0.075-0.125

inch per inch per minute to failure . If a dispute occurs between the

purchaser and supplier , a referee test shall be performed on a machine

having a strain rate pacer, using a rate of 0.005 inch per inch per minute
through the yield strength.

4.4.3 Bend Test - Specimens shall be selected and tested by bending
in accordance wi th ASIM E-290 so that each side of the material is stressed
in tension in the l ongitudinal and transverse directions. Specimens from
material up to 0.075 inch thickness shall be not less than 0.750 inch wide.
Specimens from material 0.075 inch thickness and over shall have width
equal to at least ten times the thickness. Specimen length shall be at
least 2 inches and shall be parallel and perpendicular to the rolling
direction , respectively. The specimens shall be bent to a final unre-
strained included angle of 75 degrees maximum at room temperature using an
open lower di e. The nominal thi ckness of the sheet s hall be used for
calc ulation of R/t and tool clearance values. The radius of the punch
shall be used for calculation of R/t and tool clearance values. The radius
of the punch shall be equal to the bend radius.

• 4.4.4 Fracture Toughness Test - The determination of resistance to
fracturing of Ti-6A1-4V sheet and strip in air at room temperature shall be
made using center-cracked tension (CCT) panel specimens and test procedures
in accordance with ASTM E56l-76T. The minimum width of the test specimen
shall be 1 2 inches.
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4.4.5 Stress Corrosion Test - This testing procedure covers the

determination of fracture toughness for Ti-6A1-4V duplex-annealed sheet in

a solution of 3.5 percent NaCl and distilled water.
4.4.5.1 List of Terms

K A stress intensity factor derived -~rom fracture mech-
anics

KSL 
A stress intensity factor sustained at a specified
level for 20 minu tes in aqueous 3.5 percent NaCl

B Specimen thic kness

W Specimen width

a Total crack l ength (Sum of notch and fatigue crack

length)

4 .4.5.2 Apparatus - The KSL test shall be conducted on any tensile

machine capable of developing 30,000 pounds load , and conforming in other

res pects to ASTM E4, Verification of Testing Machines. The machine shall

also be capable of sustaining load at a specified level within + 2 percent

for a period of 20 minutes. Test fixtures shall be capable of maint aining

al ignment in the transfer of load from the machine to the specimen . It is

required that the precracked area of the specimen be completely immersed
throughout the test in 3.5 percent solution of sodium chloride and distilled

water.
4.4.5.3 Test Specimen - Single-edge—crack tension specimens (3 inches

wide) shall be prepared in accordance with Figure 1. The specimen thick-
ness shall be that of the product. The notch may be prepared by mill cut-
ting. It is mandatory that the root radius be no larger than 0.015 inch.

The specimens shall be precracked by fatigue loading until the crack
extends a minimum of 0.050 Inch and a maximum of 0.200 inch on each side of
the specimen. The crack may be started at higher K values , but during the
final 0.050 inch of extension , the max imum K should not exceed 2/3 of Ks~

4 -  ‘47

— 1 T ~~~~~~~~~~ 1~~~~~ —&1 —  
--



4.4. 5.4 Tes t Procedure

a. Measure the specimen ’s thickness at two points , one on each
side of the notch . Average the measurements.

b. Measure the specimen ’s width from edge to edge on each side

surface along the crack plane. Average the measurements.

c. Measure the crack length from the edge to the crac k tip on
eac h surface of the spec imen. Avera ge the measuremen ts.

d. Calculate the l oad required to develop 
~~ 

using the equa-

tion of step h.

e. Assemble a saltwater reservoir enclosing the precracked
area.

f. Fill the reservoir wi th saltwater making sure that the crack

tip is completely immersed.

g. Load the specimen to KSL = 140 ks i in. at a cross head separ-
a ti on ra te of approximately 0.05 inch per minute. Hold the
load at KSL for 20 minutes. If the specimen has not failed

after 20 minutes at K
~i, 

ra ise the load at the same rate
until failure.

h. Calcula te KSL at fracture as follows :

KSL or K = 
~~~~~ [1.99 - 0.41 (a/W ) + 18.70 (a /W) 2 -

38.48 (a/W)3 + 53.85 (a/W)41

4. -
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where :

P is the load required to develop a desired K level

a i s the crack length

B is specimen thickness

W is specimen width

4.4.6 Determination of Microstructure - One microstructural determin-

ation shall be made for each lot. The specimen surface shall be parallel

-~ - to the rolling direction and perpendicular to the sheet surface (transverse
section). Examination shall be made by traversing the entire thickness of

the sheet at a magnification of 500X. Etching shall be by immersion in

Kroll ’s etch (2 percent HF , 10 percent HNO3, 88 percent H20) for approxi-
mately 15 seconds with a water rinse followed by immersion in 0.5 percent

HF solu tion for 5-10 seconds. A photograph of the typical microstructure

at the center and both surfaces of the sheet shall be taken at 500X magni-

fication and one photograph at 10-50X magnification showing representative

micros tructure.

4.4.7 Beta Transus Determination - The beta transus shall be deter-

mi ned by any suitable methods , subject to approval by the purchaser Quality

Control . Thermal controls and readouts shall be calibrated to an accuracy
of + 5°F . The beta transus determinations from the same lot shall be re-

peatable within + 15°F.

4.4.8 Determination of Flatness Variation - Flatness shall be deter-
p - mined from the ex pression lOOH/L where “L” i s the di stance between contact

points of a straight edge laid In any direction on the sheet and “H” is the

distance from the straight edge to the sheet at the point of the greatest
separati-
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5.0 PREPARATION FOR DELIVERY

5.1 Identification - Each sheet shall be marked in accordance with

Federal Standard No. 184. In addition , each sheet shall be marked with Ti-

6Al—4V , annea led , heat number , lot , and the number of this specification ,

including the applicable revision letter.

5.2 Packaging and Markin g

a. Packaging shall be such as to assure safe delivery .

b. Each container shall be durably and leg ibly marked with the

following information :

Material specification number including the applicable

revision letter , the supplier ’s name, Ti-6A1-4V , lot number,
purchase order number , and quantity .

6.0 NOTES

6.1 Intended Use - The materials procurable under this specification

are intended for structural applications in airborne vehicles and equipment
where high fracture toughness is required . The materials are weldable by

elec tron beam , p lasma arc , friction , and diffusion welding processes.

6.2 Ordering Data - Procurement document should state the following :

a. Title , number , and date of this specification
b. Finish
c. Size and thickness

ISO
I.
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6.3 Definitions

Sheet - A flat rolled product up to and including 0.1875 inch in

thickness and 24 inches and over in width.

Strip - A flat rolled product up to and including 0.1875 inch in

thickness and generally furnished with slit , sheared, or slit and edge

rolled in widths up to 24 inches inclusive; or with finished drawn or

rolled edges in widths over 1-1/4 inches to 12 inches inclusive .

Lot - Any sheet or group of sheets from the same ingot that were

processed together through all rolling , thermal , and chem ical process ing
opera ti ons. Only sheets that are either cut from a large sheet after the
final rolling operation or are rolled together as a stack are considered

rolled together.

Beta Transus Temperature (8T) 
- The lowest temperature at which

100 percent of the material is converted to the beta phase during a heat

treatment of 1 hour at temperature as evidenced by microstructural examin-

ation .

Tes t_Specimen Orientation - The test specimen orientations refer-

red to in this specification shall be as follows : longitudinal (L) — the
length of the specimen parallel to the rolling direction ; transverse (1) -

the length of the specimen normal to the rolling direction .

6.4 Reporting of Data - The supplier shall furnish the purchaser
three copi es of actual tes t data show ing conformance to chemical compos i-
tion , mechanical and fracture properties , and microstructure requirements

with each lot of material. In the case of subsequent heat treating by a
second outs ide source , these reports will travel from supplier to heat-

trea t processor , then to the purchaser. The report shall include :

I
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a. Purc hase Order Number
b. Material Specification Number and Revision

c . Lot Number
d. Heat Number

e. Billet Number and Billet Conversion Source

f. Quantity and Size

ç~
. Mechan i ca l and Frac ture Proper ti es

h. Chemical Analys i s
1. Microstructure (500X Magnification)

j. Beta Transus Tempera ture
k. Specific Heat Treat Cycle Used

Nonproprietary processing information shall be made available to pur-

chaser upon request , and data shall be retained for a period of time deter-

mined by purchaser Quality Control and then purged only with the prior con-

currence of the purchaser.

‘4

~~~~~~~~~~~~~ ‘ L~±~IIL=I -
~~~~~~~~



~
_ _

~

R Ol5Max .

~~~~~~~~~~~~~~~~~~~~~~t

1.2

1~~~~
t
~+ i ® 1 E

.015R max . 
- - 1.50 ± .03

6.00 ± .03

12.00 ± 06 ~ 1 ~__>
Materia’
Thickness

Figure Cl. —KSL Test Specimen
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