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MECHANICAL PROPERTIES OF ANNEALED
AND MARTENSITIC Ti-6A9~-4V

ABSTRACT

Fatigue life studies are reported on annealed micro—

structures and on solution treated plus quenched microstructures,

and it was found that specimens solution treated at about

900°C (1650°F) had the longest fatigue life , longer by at

least a factor of four . A comparison of the cs-B annealed

alloy with the alloy solution treated at 900°C (1650°F)

demonstrated that increases in allowable strain of as much

as 50% occurred at high strain amplitude . Annealing and

elevated temperature testing appear to decr~ ase the fatigue

life of the as quenched alloy . Tensile tests of the alloy

solution treated at 900°C showed that this treatment resulted

in a high tensile strength and a high ductility (reduction

in area) ~elative to commonly used anneal treatments. Room

temperature static load creep tests showed that the alloy

solution treated at 900°C had a high e1asti~ limit and a

relatively small amount of static creep.
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A-2

The Mechanical Properties of Annealed

and Martensi ticli-6Ai-4V

Intro duct i On

In previous work we have studied the fati gue behaviour of

Ti-6M-4V alloys as a function of their microstructure ’. A

significant result to come from this prior work is the improved

fatigue crack initiation life that results in Ti-6A2. - 4V when

it is solution treated at 900°C (1650°F) and water quenched.

To supplement this information on fati gue crack initiation life

we have conduc ted other mechan ica l property tests on both

annealed and solution treated Ti-6A 9-4V. This paper presents

a survey of our results on mechanical properties of heat treated

Tj-ÔAi’,-4V microstructures. The test results that will be included

are : fatigue life at fixed strain amplitude , yield strength ,

elastic modulus , ultimate tensile strength , ductility, and

static load creep. Unfortunatel y all tests could not be run on

the same heat and composition of Ti-ÔAP..-4V alloy , because differ-

ent specimen shapes required different starting m ;nterial , which

could not always be purchased from the same supplier. Because

of this , the chemistry of the specimens used for each test will

be repor ted.

Experimental Tests and Results

A. Fa tigue Tests.

Fatigue tests have been conducted on heat treated alloys.

The de ta i ls of the tes t procedure and spe c imen p repar atio n were

present ed previous1y~~, but some additi onal tests have been con-
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ducted , so the complete results wi l l  he presented. For the tests

on heat tr~ ated alloys solid 1/4 inch diameter rod of the compo-

sition given in Table 1 was polished to a 0.1 microinch surface

in the reduced center section . The cyclic deformation was full y

reversed strair (R=-l), and in addition a small axial stress of

2.12 x 1O 7 N/M2 (3600 psi) was applied to these specimens so that

cyclic creep measurements could also be made. Table 2 gives

the result.; of the fatigue tests at room temperature. The most

important result in Table 2 is the significant improvement in

fatigue life of the alloy solution treated at 900°C (1650°F).

Note that an aging treatment at 760°C (1400°F) for 1 hour destroys

the improved fati gue life observed in the solution treated alloy.

Table L show s the improved fatigue life at a fixed strain;

F . in add it ion , it is often important to know the increase in allow-

able strain (or stress) at a fixed number of cycles. This can

be found from the st rai n ampli tude ~~ cycles to failure diagram

shown in Figure 1 for an ct-B anneal and 900°C (1650°F) solution

treatment. ~or example , at 9 x l0~ cycles to failure , the al ter-
-
~~ nating sherL- strain amplitude is about 20 x l0~~ for the a ll oy

solution treated at 900°C (1650°F) , and for the ci-~ anne aled

alloy the alternating strain amplitude was 13 x IO~~ for 9 x

cycles to failure. This is more than a 50% increase in the allow-

able shear strain level. From Figure 1 it appears that at hig h

strain amp 1i~ udes , the alloy solution treated at 900°C (1650°F)

will show €ven larger percentage increases in allowable strain

relative to the annealed state.
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A - 4
.1 i t i t s i um al 1ov~ ;ire often used in elevated tempc~ ature

~pp t~~~t t~~~ns . thus elevated temperature fatigue tests will give

som e i n d i ~.~~t ion of the thermal stability of the alloy . Table

3 g ives the results of fatigue tests conducted at 260°C (500 °F)

under the same conditions as the tests reported in Table 2.

The alloy solution treated at 900°C (1650°F) still has a longer

fatigue life than the a-~ anneal , but the factor is not as

large as it was at room temperature . Note that the fatigue life

of the ct- s anneal alloy increased in going from room temperature

(Table 2) to the elevated temperature; where as , the fati gue

life of the alloy solution treated at 900°C (1650°F) decreased.

It appears that at elevated temperatures , the fatigue lives

of the two treatments are approaching each other.
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B. Tensile rests

Tensile tests were performed on annealed microstructures

and the microstructure solution treated at 900°C (1650°F) .

The chemical composition of the alloy used for these tests

is given in Table 4. Several different annealing procedures

were utili7ed in this experiment and these procedures are

listed be1i~w:

cz-~ Anneal (ctBA)

800°C (1472°F) for 3 hours , furnace ccol (FC)

to 600°C (1112°F) , followed by air cool (AC) to

room ten.perature .

Recrystallization Anneal (RA)

928 C (1702 °F) for 4 hours , FC to 760°C (1400°F)

at 180°C/hour , FC to 482°C (900 F) at 372°C

(702°F)/hour , AC.

~ Anneal

0.5 hour at 1037°C (1900°F) , AC to room temper ature ,

732°C (1350°F) for 2 hours , AC to room temperature .

The anneaLng was all done in a vacuum of at least 10~~ torr.

The solution treatment at 900°C was performed in a vertical

a ir furnace , two solution time s are reported 10 m m .  and

15 m m . ;  the specimens were then water quenched. The specimens

were nominally 1.27 cm. diamater with a 8.26 cm. gage length.

The tensi1 .~ tests were conducted in a Materials Testing

System.

‘ 
The experimen tal resu lts are presen ted in Tab le 5, and

Figure 2 is a photograph of four fractured specimens. The
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specimen solution treated :lt 90U °C had y ield and tensile

strengths significantly hi gher than the ~— f-~ anneal and the

RA , hut the strengths of the ~-ann ea1 are higher. The tensile

properties of the ~- anncal frem this test are in good agree-

ment with the results of Harrig an (‘t a1 2 , hut there appears

to be a wide range of properties in the literature for the

~-annea1 alloy. Note also that the s-anne al treatment

resulted in the lowest ductility of all the treatments. The

alloy solution treated at 900°C (1650°F) appears to have a

good balance of tensile properties , ie the maximum ultimate

tensile strength observed with the ductilit y (reduction in

area) being the maximum ; the a-~ anneal and the 1650°F solu-

t ion treatment had essentiall y equal ductility. The elastic

modulus li s ted in Table S was ob tained by measuring the slope

of the s tress st ra in diag ram.

• - — ——-- . ___—_..—— — e —.~~r —— -a- a— .——. —.— — _ ___ -_____ ——,* — ._t—_— .— -—— - . -a.——— ._ _.__.~~a...Ja .. — ’--
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C. Static Creep
4.-

I t has been observed by numerous authors that titanium

alloys can cree p at room temper ature when sub ject to s tresses

that are only a fraction of the yield stress. Some titanium

alloys appear to be elastic up to some limit stress , that is only

a small fra tion of yield, then they exhi bit a combina t ion of

elastic plus plastic behavior up to the yield point , then some

of titanium alloys are known to exhib it ex tensive cree p wi th

little apparent strain hardening . A static creep test can

show the true elas ti c limit , the amount of plasti c creep below

y ield , and it can g ive an indication of strain hardening af ter

the yield s ress has been exceeded.

A schema tic of the tes t facility utilized for the cree p

test is shown in figure 3. A .static weight i~ applied to a pulley

tnat converts the load into a torque about the specimen axis.

The strain is measured wi th two mirror s that are attached to

flats on brass collars that attach to the specimen. Attaching the

mirrors to he specimen eliminates the possib ili ty of record ing

any grip slippage as specimen strain. The collars are each attached

to the specimen with three conical set screws spaced at 120°

around the specimen. Only the set screws touch the specimen , and

thus the spacing be tween the se t screws of the two mirrors de ter-
‘l

mines the gage length. The collar s are machined so that the gage

leng th is aLways one inch. The twist strain is measured by

determining the relative change in tilt of th~ two mirror s. By

taking the relative ti1t of the two mirrors a~iy sli ppage in the

gr ips is elimina ted from the measuremen t . The rela ti ve tilt
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angles are determined by using a laser source of light and colli-

mating it to get a line, the sing le line is split by the two

mirrors and each beam is reflected to a circular scale one meter

from the specimen. The laser source provides a sharp bri ght image

in comparison with the incandescent sources we have tried . We

estimate that we can measure shear strain as low as 2xl0 5 with

this device. In these test s our p rocedure was to measure the

strain until no additional strain could be detected in a 24 hour

period. Then the load was incre ased by an incremen t. The loading

was continued until the spec imen y ielded. The total stra in at

yield was also recorded. In this report the static creep of an

alloy of Ti- 6A9~.-4V will be determined for a specimen solution treat-

ed at 900°C (1650°F) in a sealed evacuated vycor tube and

water quenched with the tube being broken during quenching. The

results w ill be compared w ith pr evious ly p resen ted results on

annealed micro struc tures 3. The annealed micros truc tures to be

used are recr ystall ize anneal (RA) , B anneal and a-B anneal. The

details for these anneal ing procedure s were p re sented in the

sec tion on tensile tes ting . The spec imens for this tes t are thin

walled tubes with an outside diameter of .635 cm (.25 in.) and an

inside diameter o f .538 cm (. 212 in.). The thin wall is necessary

in a to rsion tes t to obtain a sec t ion w ith as uniform a s train

field as possible. If a solid rod was used then the center of the

rod would be under no strain and the outer surface of the rod

• would be under maximum strain. The tubes are seamless extruded

Ti- ôAt-4V with the composition shown in table 6.
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Results and Discussion of Static Creep Tests.

I
Stress strain diagrams for each of the treatments are

shown in figures 4 to 7. In addition ,the detailed measurements

at each load are presented in Appendix A. The initial stressing

was done in increments of 3.2xl 07 N/M 2 (4747 psi) until transient

creep was observed; then the stres s was increa sed in incremen ts

of 8.18x107 (11868 psi). Thus the elastic limit , defined as

the maximum s tress where no transient creep is observed , is
+0 +0

only known to within -3 .2xl0 7 N/M2 ( -4747 psi ) .  The results

from the de ermjnation of the elastic limit are summarized in

table 7. The observed elastic limits for unidirectional loading

show that the alloy solution treated at 900°C (1650°F) and water

quenched has the highes t elas t ic limit; wherea s , the 6 annealed

alloy which has demons trated the shor tes t fatigue lives has the

lowest elastic limit . This correlation between e lastic limit

and fatigue life is most interesting . Note also that the elastic

limit and the yield point do not show any correlation ; for example ,

the ~ annealed alloy has the highest yield po-.nt but the lowest

elastic limit. After the elastic limit is surpassed , the 6
annealed al loy has the smallest amount of transient creep. The

results of ~-reep versus time in figure 8 at 4.9x10
8 N/M2 (71.211 KSI)

most clearl\ demonstrate that the smallest creep strain occurs

in the 6 annealed alloy. The alloy solution t~~ ated at 900°C had

the next lowest creep rates , and the recry sta l ized anneal alloy

had the highest creep rate.

I
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Summary and Conclusions

The above sections provided a summary of some mechanical

properties of the alloy T i-ãA ~ -4V solution treated at 900°C

(1650°F) and water quenched; these results were compared with the

mechanical properties of annealed microstructures. The alloy

solution treated at 900°C and water quenched has significantly

improved fa tigue properties relative to the annealed microstruc-

tures. For the other tests that were conducted , the solut ion

trea ted alloy had properties comparable to the annealed micro-

structures , but in all of the tests , the properties of the solu-

tion t rea ted alloy could be rated as good in relation to some

of the anneal treatments. For ex ample , in the tensile test ,

the solution treated alloy had both a high yield and ultimate

strength and high ductility, wher eas , the ct ’- B annealed and re-

crystallized anneal alloys had low yield and ultimate strength

but high ductili ty. Conversely, the B annealed alloy had a

high yield strength, but a very low ductility. Also , the solut ion

treated alloy had the highest elastic limit and it demonstrated

an intermediate amount of creep . Only the B annealed alloy had

less creep strain; however , the B annealed alloy also had the

lowe s t elas t ic limit . Thus ,for an application which is fati gue

sensitive , solution treating the alloy might provide a desirable

combination of propert ies. However , other properties such as

stress corrosion resistance , crack propa gat ion , and frac ture tough-

ness have yet to be determined.

In another paper we have discussed the microstructural changes

tha t cause the improved fa tigue proper t ies in solution t re ated

a l loys.
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Table 1

Chemical Composition of Ti-6A 9~-4V Used for Solid Rod Torsion
Specimens in Weight Percent

A9~ 0 H C N Fe

6.4 4.0 .141 55 ppm .01 .014 .18

B Transus 980°C (1805°F)

7 ,

3
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C a b l e  2

FAT E G I J E  L IV I i S  OF h EAT IREA L hi!) Ti - ~A 1 - 4V
ALLOYS CYCL EI )  AT A SHEAR STRAIN OF +0.02

P LUS AN AX IAL STRESS OF 2 .  12 X 1 ~7 ~/ \ j 2

HEAT STAN !)A RI )
TREATM ENT t MEAN* M l N I ~1U~1 l) Ii V I A T I O N

a - B  ANNEAL 944 4 2 9  443

843 °C ( l 5 5 0 ° F ) S T
+ WQ 2497  1837 717

900 °C ( 1650° F) ST
+W Q 9616 8917 758

1065°C ( 19S0 °F )  ST
+WQ 2396 1633 487

900°C ( l 6 50 ° F ) S T
+ W Q + 7 6 0 ° C ( l 4 0 0 °F )  852 7 4 5  122
1 h r .

*Resu l t s  based upon four  spec imens  for  each heat treatment .

t ST-solution treatment for 10 minutes
WQ - Water Quench

a-B Anneal - 800°C (14 72°F) for 3 hours , furnace cool to 600°C
(1112°F), Air cool to room temperature.
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TABLE 3

FATIGUE LIVES OF HEAT TREATEiJ
Ti -6A2~-4V ALLOYS CYCLED AT A

SH EAR STRAIN OF -~0 . 0 2  AT 500°F

STANDARD
HEAT TREATMENT MEAN MIN IMUM DEVIATION

a — B  ANNEAL 1987 1557 894

900 °C ( l t . 5 0 °F ) S T  4818 4090  634
+ WQ

TABLE 4

• CHEMICAL COMPOSITION OF Ti-GAR .-4V
ALLOY USED FOR TENSILE TESTS IN

WEIGHT PERCENT

A 9- 0 Fe N C H

6 . 3  4 . 2  .188 . 17  .010 . 0 2  67ppM
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A - J 4

TABLE 5

TENSILE TEST RESULTS FOR Ti-6AZ-4V

THER~~L YIELD ULTIMATE YOUNG’S PERCENTAGE PERCENTAGE
TREATME NT STRENGTH STRENGTH MODtJLU S REDUCTION ELONGATION

8 2 8 2 11 2 IN AREA
10 N/rn 10 N/rn 10 

~ 
N/rn

(ks i)  (ks i)  (10 psi)

S.T. — lO m m .  9. 99 11.59 1.20 39.8 26 .0
900°c
+ W .Q.  ( 144 .9) ( 168.1) ( 1 .74)

S.T. — 15 m m .  9.96 11.56 1.12 40.6 27 .0
900°C -

+ W.Q.  (144 . 5) (167.7)  ( 1 .62 )

~— B Anneal 8.99 9.90 1.03 41.0 30

( 130.46) ( 143.6) ( 1.50)

8.65 9.69 1.24 34 .4  24 .9
.
~

( 125.4 ) ( 140.6) ( 1.80)

- 
6-Anneal. 10.38 10.78 1.25 9. 08 12.5

( 150.6) ( 156.5 ) ( 1 .82)
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T A B L E  (

CHEM ICAL COMPOS ITI ON OF T i - 6 A Q - 4 V
THIN WALLE D TUBE

A l  V 0 Fe N C H

• 5.8 4.4 .113 .08 .01 .02 69 ppM

TABLE 7

ELASTI C LIMIT S OF T i - 6A~ -4V ALLOYS
DETERMiNED FR OM STATIC CREEP EXPERIMENTS

THERMAL ELA STI C
TREATMENT L I M I T

N/M 2 (psi)

RA l2.8x lO ’ (18 ,990)

—. 

aBA 1 2 . 8 xl 0 7 ( 18 , 990)

9 . 6 x 1 0 7 ( 1 4 , 2 4 2 )

9 0 0 ° C  S . T .  + W . Q .  l 5 . 0 x 1~) 7 ( 2 3 , 7 3 7 )

I
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4

0~ I I
lu’ 10’ 10’ 10’ 10’ 10’

CYCLES TO FAILURE

Figure 1. Cycles to failure as a func tion of the appl ied
alternating shear strain for specimens a-B annealed
and solution treated at 900°C a~id water quenched
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Figure 2. Tensile test specimens showing reduction in area
and elonga t ion for the following hea t trea tmen ts
from top to bo tt om: 6 anneal , 900°C solut ion
trea tment plus wa ter quench , a-B anneal , recrys-
tallize anneal.
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M I R R O R
SURFACES

SPECIMEN

PU 11EV

1 METER _...
RADIUS
CALIBRATED SCALE

WEIGHT
LASER BEAM

Figure 3. ScI-ematic of the static torsion creep facility . The shear
stress is applied to the tubular specimen by a weight attached
to a pulley . The specimen is clamped in a pair of grips; the
front grip is rotatable, and the rear gr ip is f ixed . Two
mirrors are attached to the specimen by three conical set
screws at 120° separation for each mirror ; the distance between
the attachment screws is the 1 inch gage length. The relative
tilt between the two mirrors is measured with a single laser

• beam that is split by the two mirrors and reflected to a 1 meter
radius calibrated scale .
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STRA IN , I0

$ Fi gure 4. Torsional strain as a function of applied shear stress for
a-B annealed Ti-6A~-4V. The strain steps are the accunulation
of creep strain at a constant sustained Shear stress.
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STRAIN , 10

Figure 5. Torsional shear strain as a f u n c t i o n  of ap p l i e d
shear stress for recrystallized anneal Ti-6A~ -4V .
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Figure 6 . Torsional shear s train as a func tion of applied
shear stress for 6 annealed Ti-6A2 - 4V.
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Figure 7. Torsional shear strain as a function of applied
shear stress for Ti-6A 9.-4V solut i on treated at
900 °C and wa ter quenched.
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TINS IN SECONDS

SHEAR STRAIN VS TIME AT 4510 s 10’ N/no’
1.1 PONWANO LOADING

Figure 8. Shear strain a-; a func~ ion of time at a shear

. stress of 4.91x10 b N/M for the heat treatments
-shown . This is for initial unidirectional loading.
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A P P E N D I X  A

Sh EAR STI~A IN A:- ; A

FUNCTION OF STRI-:SS AND TIME

— * —

A. 1 i-~ ANNEAI,1-:D ALLOY

SHEAR STRESS SHEAR STRAIN [ -

SECONDS X1O 

—

~~~~~~~ xl 0 
— _____________-

~

- 4 . 7 4 7  0 . 6 5 5  No Creep
_ _ _ __ _ _ _  ~~~~~~- ~—--- L

- 9.495 1.3 31 No Creep
0 14.242 2.051

4650 II “ 

— ________________

76650 H II

72000  
18.9896 

_  _

4090  II

68680 “ 2 . 7 9 2

0 23.737 3.447

19720 3 .4 6 9  J ___________

32600 H I’ 
—

~~~~~

8 7 2 4 0  II 3 . 4 9 0
0 3 5 . 6 0 6  5 . 1 7 0

3330 5 192
12850 “ 5 214
24240 II 

5 . 2 7 9

0 47.474 
-
~~~~~~ 6.937 

—_____________

200 II 6 981 1
30860 7 090
83890 

_____________- _____________

0 59.343 8.988

1750 9 . 0 9 7

2600 “
_ _ _ _ _ _ _ _ _  — ------ --—---- —I

78360 “ 9.381 
______  J

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

T ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ __~~~~
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A .1 Contin~’ed

TIME SHEAR STRESS SHEAR STRAIN REMARKS
SECONDS x 10 3 x l O

—~~ psi 
_____________ __________________

0 71.211 11.06

100 1 12 369

2010 13 .722

7400 14.616

18600 “ 15.511

23960 15 772

314 80 “ 16 012

46140 16 427

87220 H 17 147

97610 17 25 6

107460 17 408

125160 17 670

175000 “ 18.107

59.343 16.427

47.474 14.682

35.606 13.002

23.737 11.257

14.242 9.795

4 . 7 4 7 ~ 8 . 3 7 7

0 0 7.657

6640 11 7.635 Creep recovery

d l .  
16630 

— 
II

88030 11 7.613

after 22 hrs II 7.613

(1’,AFJ.~~~~~
” 

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

-
- -- - - _ _ _ _ _ _ _ _ _ _



A.2 r 1 - I -  A N N E A L E D  ALLOY

TIME SHEAR STRESS SH E A R  S T R A I N  REMA RKS
SECONDS xlO x l O

psi

__________  
4.747 0.676 No Creep

______  ____ 
9.945 1.33 No Creep

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
14.242 2.116 No Creep

0 18.990 2.836 
_________________

13260 “ 2 880 
__________ ________

24720 
________ 

2 . 9 4 5  
_____

78720 
____ ________ 

2.945 
____ _____

0 21.363 3.250 
__________ ____

5300 II 3 .2 7 2  
______

17030 
_______________ 

3 . 2 9 4  
_________

29618 
____ _____ _______ ___________

85838 II “

0 35.606 5.300 
_________________

6320 II 5 497 
____________________

20540 II 5.519 
_________________

57610 
________________ ___________ _____ ______________

0 47.474 7.024 
____________

3120  7.264 
_____________

1797 0 ~1 7 330 
_____________

2821 0  7 . 3 5 2  
____________

86710 _____________ — 
7.374 

-—__________

0 59.343 9.100 
— ____________

115 30 
_____________ 

9 250 
____ _____________

19710 II II

2 3270  9 . 2 7 2  
_____________

108770  9.293 
_____________

0 71.211 11.191 
____ _____________

1740 
____ 

12.631 
____ _______

2940 Id 13.045 
____ _______

2424 0 
_______________ 

17.081 
____ ____________

4
—- -— -  - - -r — --— ~— — - -  -

.._ ;.- _i* •-* -- . 
,-
.-. - - -  i — ~~~

—- - —  
~ -~~
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A . 2  Con t inued

~~~~~~~~~~~~~~ REMARKS
SECONDS xl0 xl0

____________ 
PSI 

____ _______

63500 71.211

93450 26.505

134780 II 29.363

153300 U 30.563

163530 
—  

31. 1 52 
-

~~ 

______________

59.343 29.385

47.474 27.574

35.606 25.785

2 3 . 7 3 7  23.866

1 4.2 4 2  2 2 . 3 8 2

-~~~~ 
_ _  — 

4.745 

~~~~~~~~~~~0 19.961

I

-- 

.A~~~~~~~~~~~~~~. 
- —



A. 3 RECRYSTAlLIZAT ION ANNEA lED ALLOY

SHEAR ~~~RESS SH EAR STRAIN 

-

SECONDS xlO x]0
psi 

_____

- 4 . 7474 0.(7( No Creep

- 9.4948 1.309 No Creep

— 14.2422 
— 

2.094 
____ 

No Creep 
—-____

0 18.9896 2.771 
_________ ______

19620 
- 

II 2.901 
____

59300 II

0 23.7370 2.600 
_ _ _ _ _ _ _ _ _ _ _ _ _ _

6690 1~ 3 665 
___________________

27400 II 3 709 
_________________

85850 1~ 
— 

3.730 
______ _______

______________ 
35.606 5.476 

________

4060 II 5.585 
_ _ _ _—- - ---------

~

8100 _______________—— 
5 . 607 ——________ —

19320 d l  5.628

8 3500 dl U 

- _____

______________  
47.474 7.374 

____

320 II 7.461

34730 H 7 .613 
___________________________ _______ ______________— -- - _______ -—-- -— - —— - - - -

73180 U 7 .6 3 5  
--

_ _ _ _ _ _ _ _ _ _ _ _  
59.343 

—  
9.468~~~~~~~~ -—

3500 
_____________ 

9.708
_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  _ _ _

41280 ~I 9 926

80000 II 9 . 9 9 1

89160 dl 10.013 
________

______________  
7 1 .2 1 1  11.955

• 100 II 1 2 . 7 8 4
____  - - - - -— ~~~~~~~— -- - - - - — - - - - — - --~~~~~~~~~~~ - - -- - -  - - 

2000 
— —-_1 5. 0 96  

— -

5100 17.016

8460 17 539 
- 

-

-

~~~~~~~~~~

I.
e 

. • — - — -——- — - a - - — —a- — - . . r- -.- - I- .rr- - - - —  — -a-. _ - —   —
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A.3 Continued

TIME SHEAR STRESS SHEAR STRAIN REMARKS
SECONDS x lO x lO

psi

13530 71.211 2 0 . 7 2 4

18540 II 22.470

20630 23.080

3272 U 26.091

37300 d l  27.051

77970 II 32.548

87690 II 33 486

109560 II 35 188

112260 II 35 449

164710 U 38 351

183520 39.223

189260 dl  39.442

5 9 . 3 4 3  3 7 . 8 0 5

47.474 35.908

35.606 34.053

23.737 
—— - 

32.199

18.990 31.501

l4
~

42 
_ _ _  

30.716

9.495 29.952

4.747 29.123

2 8 . 2 7 2  
_ _ _ _

Af t or 24 hrs 28.185 
- 

~~~Creep_Recove ry

:1 
________ 

______~~~~~~~~~~~ ~~~~~~~~~~~~~ - —..
‘.

~ 

a.
-,. 

- - i.: -

, 

-- --
~

--— 
~~~~ ~~~~~~~~~~~~~~~~ 
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A . 4  S O L U T I O N  T R E A T E D  AT 900°C ( 1~~ 5 0°F )

FOR 10 MTN + W A T E R  Q U E N C H

TIME SHEAR STRESS SHEAR STRAIN REMARKS
SECONDS xlO x10

psi

4.747 0.633 No Creep

9.495 1.396 No Creep

1 4.2 4 2  2 . 2 0 3  No Creep

18.990  3 . 0 5 4  No Creep
0 23.737 3.905

1336~U 
TI — _____________

28082 II 3.927

79415 dl dl

93626 II 3 949

106040 II II

176040 ~1 II

II 
— ________________

0 2 8 . 4 8 4  4 . 6 4 7
3965 1 II

89570 II 4 712
138168 dl

* _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ___________— _ _ _ _ _ _ _ _ _  I:~ - 

158120 II dl 

—

~

0 3 5 . 6 0 6  5 . 8 9 0
— 1030 II 5 912

2503  5 955
4 2 9 3  II 5 977
6448 II II

19450 II 5.999

71039 6.043

.

~~ 

135600 U 6 065

~600 
II

- - . . —— -- - ,_— —- . - — a - .r~ — — —-—. - —— ..— -.-.— - —  - - -. - — .. .  — — - — - - —— —r1 
~~~~~~~~~~~~~~~~~~~~~~~ 

—~~~ 
-- I. 

- 
-i. . , - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - ~~~~~- - .



I

- A.4 Continued

TIME SHEAR STRESS SHEAR STRAIN

SECONDS x10 3 
x10

3 REMARKS

psi

0 47.474 8.028

960 
— II 8.115 

- _________

1930 II 8 137 
— ___________

5990 ‘I 8.202

16300 dl 8.224 
— _______

2 0 6 3 0  Id II — -______

40390 dl Pd - ___________

— 

83720 
-- 

dl 

— 
8.246

160990 I d U

0 59.343 10.100 
—

50 dl 10 602

160 dl 10 624

1320 dl 10.798

2290 Id  10.864

5570 
- 

d l  11.038
10010 

- 
dl 

—  

11 060 
— ____

13990 dl 11 104

18020 II 11.169 
— - -______

23750 II 11 .213
— . 2 972 0 dl 11 257 

—— __________

76790  dl —- 

11.409

80940 d l

106160 Id 11.518
153950 

— 
Id 11 606

2 3 6 5 2 0  II dl

_____I ~~~~~~~~~~~~ •%~~~~~~. - — ~~~ - - .~~~~~~ _ ~~~~~~~~~~~~~~~~~~
__ 

_ _ _ _ _  - - —
c . L - -~ - - ’~~-’ — . 

‘.-
~~- ~~

.- ~~~~~~~~~~~~~ 
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A . 4 Cont inued

TIME SHEAR STRESS SHEAR STRAIN

SECONDS x10
3 x10

3 REMARKS

psi

0 71.211 13.500

50 II 15.576 
— ____________

12u .. i5.~~69
- 

220 ‘I 16 361

390 Id 16 798

630 17 234

1000 17.670

1200 dl - 

17.867

1400 1 1 7 . 9 9 7

1500 II 18.085

1600 18 172

1800 dl 18 303

1950 Id 18 390

2200 Id 18 499

251 5 II 18 674 
-____________

2840 dl 18 826

3000 Il 18.914

3380 19 154

6000 dl 19.874

723 0 
— 

2 0 . 2 0 1  
— __________

— 949 0 Il 2 0 . 6 1 5  
—__________

11570 1 20.877 
—

13830 dl 21 139

88780 2 4 . 3 0 2

101500 d l  2 4 . 6 7 3  
- ____________

169970 II 25 545

226450 26 243 
—_________

237200 dl II 
— __________

247940 26 309 

—
-. . - - - a- -- - . - — — - — ——-.-.--- - -. - — - — - - .-

- .. ..4~~~ C— ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ — - —



A .4  Con t inued

TIME SHEAR STRESS SHEAR STRAIN

SECONDS x 10 3 x 10 3 REMARKS

psi

25 375 0 71.211 26 . 374

312570 Id 26 745

334760 Id 26.898

398370 dl 27.203 
—  ____________

423780 27.291

488700 
— Id 27.531 

— ___________-

501730 II 27 618

562300 II 27 836 
—

591050 27 901
655330 28 181 

—

711340 28 338

779060 Id 28.512

832140 2 8 . 7 7 4

903450  I’ 28.839

988920 Id 29.014

1077460 
— 

II 2 9 145 
—

1414930 Id 29 668

1497230 Id 29.799

1573940 II 
— 

2 9 . 8 4 3

1632000 Id 29.952

1858270 30.192

1944670 
- 

II 30.301

2042560 II 30 345

- 
- 2123750 dl 30.497

220517 0 dl 3 0 . 5 4 1
2322770 30.694

.‘. 2471000 dl 30.846

255 9460  Id II

2646840 II 30 977

2749360 dl II

2816440 Il

I. ~~~~ -~- — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

—
~~~

-
~~~~ 
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A.4 Continued UNLOAD

TIME SHEAR STRE SS SH EAR STR A I N

SECONDS x10
3 x10

3 REMARKS

psi

0 59.343 29.319

0 47.474 27.269

0 35.606 25 .153  
— _______________

0 23.737 23.037

0 14.242 21.117

0 4.747 19.263

0 0 
— 

18.325

After 67 hrs 0 18.107 Creep Recovery

*

0
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S B-i

MICROSTRUCTURE OF SOLUTION T.tEATED
AND QUENCHED Ti-6AZ-4V

ABSTRACT

The raicrostructure of solution t reated and quenched

Ti-6A9-4V is reported with particular emph1tsis on the

solution temperature of 900°C (1650°F). Tie alloy solution

treated at 91)0°C was found to have a matrix of retained 6 mixed

with marte.isite ( i ’ or ~“ ) ,  within the matrix was primary ~~~~.

Cyclic d-Lormation of this alloy resulted in a transformation

of the retained B to martensite ( i ’ or a”). We propose that

it is the strain induced transformation of retained 13 to

mar tensite that is producing the improved fa tigue life

of this allo T . The microstructure of the alloy solution

treated ~t 1065°C (195 0°F) was totally martensite (ce ), thus

no retai~ ed ~ is present to transform upon cycling . The

analysis of the alloy solution treated at 943°C (1550°F)

is incomplete , but microstructural and microchemical analysis

indicates that this alloy is composed of ~ 6 phase that  is

vanadium ric i and primary ~~~~. The B phase is apparently

stable ~‘hen subject to cyclic deformation because of the

• high var.~ dium content. Lattice parameters and microchemis—

tries of some of the phases are reported .

I
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B-2

NI  l~o l t i : i  MN

In previou s work we have ()I)-~erv (- J that the fat i gue i i Ce

of T i— O A V — 4 V  al lov s is cons id c r a b l v  increased b y so lu t i on

treatments of about 90 0 °  : . ~~5i) ° I . ) followed by a wa ter

quench . Annealed micros t m e t  ures were observed to have an

order of ma gnitude less fati gue life and solution tempera-

tures of 55° C. hi gher of lowe r than 900° C. were  shown to

result in fati gue l ives that are onl y one quarter of those

solution treated at 900° C, this is shown in [ab le 1 .

To understand why the solution treatment i t  900° C.

produced an increased fa t igue I i fe a de tai led understanding

of the Ti- 6A9-4V solution treated microstructure is necessary.

‘ 
In the experiments on fatigue l i f e  the resul ts from the

solution treated specimens were compared with resu lts from

specimens given an anneal in the a + 6 reg ion ; a s im i la r

comparison of microstructure s w i l l  he made.

It is well accepted that the microstructure shown in

fi gure 1 , of the Ti-6M-4V al loy annealed in the a + 6 phase

field has a matrix of hexagonal close packed ( a )  w ith the

body cen tered cubic (6) forming in the grain boundaries.

The micros -truc -ture of the solution treated l i-6A 9~-4V is no t

as well es tablished although there has been some work directed

at determining these micro structures. W illi a m s  and Black-

burn~ studied the phases present af ter quenching a Ti-6A Q -4V

al loy from various solut ion temperatures. No quantitative

~~_. 
-
~~~~~- —I-- -

~~ 
— - -—— — —.~--a..--- - — — —-— -- -  .- .— — - -—-——.--— -.—— 
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B-]

analysis was g iven for the phases present , bu t a qua l i ta t ive

anal y sis i;  presented . W i l l i a m s  and Blackburn defined the

f o l l ow ing  pha se fields for the following solution temperatures:

1000°  C. (1832° F. ) to 1100° C .  ( I~)22° F.) - a ’ + 6 .

9~~0° C (1706° F ) to 1000° C (l83 ~~° l~ ) - i ’ +

900° C. (16S2 ~ F.) to 930° C. (1706° F.) - a ’ + a” + B + a .

860° C. (15.0° F.) to 900° C. (1 652 ° F . )  - a ’ + a.

830° C. ( ~~26° F.) to 860° C. (1580° F.) - a ’ + B + a.

RT to 830° C. (1526° F )  - + B.

Iii t h i s  p r e s e n t a t i o n  a ’ is the hexagonal m nten site , and at ’ is

th e orthorhom bi c martensite , the resul ts of Williams and Black-

b u r n  h e r e  l i s t e d  have  been  r e v i s e d  to t h e  p r e s e n t  conven t  ion

and known structures. Fopiano , Beve r and Averhach~ have

studied t. c phases present in solution treated Ti-6A~~-4V with

x-ray diffraction. The pha ses they ohsemv c~
’ are listed with

the solution temperatures:

1000° C. (l83~~° F.)  - a ’ (Martensi-te)

950° C. (1 42° I . )  - a ’ + a (Primary A lpha)

900° C. ( 652° 1 . )  - a ’ + a

850° C. (i562° jt~~~~) - ~~~~ + ~~

800°  C. (1472° F.) - i i ’ + a

These  r e s u l t s  a r e  o b v i o u s l y  q u it e  d i f f e r e r , r f r o m  t h o s e  of

W i l l iams and 3lackburn where retained B was  f o u n d  at nearl y

every temp~- rature except for 860° C. to 900° C. However ,

• W illiams ~i-id Blackburn do no t report the quantit y of 8 so

• 
~~~~~~
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8-4

We d~~~’t know the ma gnj~~~~~ of  t ! i~~ d i  1f( r- efl~~ 5 inv ol ve d her e.
w or k  b y G r i c s t  D o i g  an d C r o s t  ~ U sing x- r ay dif frac tion

t e c h n i q ue s  a l s o  repor ted onl y a a n d  a ’ mar te n s it e for a solu-
t i on  t e mp e r a t u r e  of 87 1°  C . (1bfl ~j ° F .j .  T hu s  all of the authors
appear to agree that 

~~fl the sol~~~~0~ t e m p e r a t u r e  r ange  860°  C .
(1580° F .) to 90o °  C . ( 1652°  F . )  n o B phase wa s Observed hut

a t  O th e r  t emp e ra tu r  
W i l l i a m s  and  B l a c k b u r n  U s i n g  t r a n sm i s s i on

ele ct r o n  m ic ro sc o~~ Observ ed  t h e  p r e se nce  of  8. O n l y Fopj a~~0
et al. present any 

~uant jt~~ j~ data as to  t h e  P e r c en t a ge  of
phases present , but their resu1t~ are in disagree~~ t with
those of Williams and Blackburn . Thus it does appear that
additjonai work is needed O~ verifyj~~g the phases present and
~uantifyj~ g their amounts 

st r u c t u r e  and composition 
This

wi ll be a report on our progre ss to date on this work . In
addit~ 0~ we w ill Stud y the m icros trtt ct 

after cyclic de-
formatjo~ to monitor the changes re sul ti ng from fat igue damage .

We w i l l  use a c o m b i n a t i o n  of t r a r j s~~~55 1 and  s ca nn i n g  elec-
tron microscopy 

x-ray and electron 
di ffra ction and mi cro

probe anal ysis Our Prima ry i n t e r e s t  w i l l  he to characterize
the alloy soiu~~ 0~ treated a t  900° c • ( 1650°  F . )  fo r  this is
the solutjo~ temp erature for Whi ch we have O b se rv e d  Par ticularl y
large fati gue 1I ves- -I,

S
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FXP N R I ME~N ’I A L  J’ l ~~) C E [ ) I J R F

Ihe ma t er ia l  for th i s st ud~ was nomin a ll y T i- 6A ~~~~-4 V ,

1.25 inch extruded rod of tim e composit ion i- i weight percen t :

Al 0 I (’ N C II

6.3 4.2 .1 88 .17 010 .02 67 ppm

The a l l o y  w a s  mill anne a led, after extrusion, for 2 hours at

1300° F. The nominal tensile properties of t h e  as received

rod are :

Ultimate tensile strength - 147-157 ksi

Yield strength - 134-138 ksi

Fion ti tion - 15 percent

Pedu~ tion in area - 32-39%

Rockwell “C” hardness - 32 to 35

The annealed specimens were all heateJ in a vacuum of

be tt er than ~ )~~ torr for the prescri b ed anneal ~ng procedure.

In this woik only one annealing procedure will be reported:

Recrysta lm ize Anneal

928° C. (1702° P.) for four hour s , fur9acc cool (FC) to

760° C. (1400° F.) at 180° C ./lIr., FC to 482° C. (900° F.) at

372 ° (.11-Jr.; air cool to room temperature.

The anno-iled micros tructure is compared with solution

t rea ted ~‘~1u quenched microstructures. The specimens were

solution treated in a vertical air furnace for 10 minutes and 

~

- 

. 

- 

~~~~~~~~~~ 
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) then the specim ens w e t  e d i 1~~ed i i i ’ I w I t  er b a t h . l Ime spec im en

t e m p e r a t u r e  w a s  niea stitc d w i t  ii - i  I Ia’ t umoc Iple LII tli ~~~ C u r t - m a c c  t h a t

con ed t he s N-c men

For  e l e c t r o n  m i c r o s c p v  t h i n  s ec t  i o n s  U I t a - t a l  were cut

w i th a spark cutter. The metal Sect ions we re further thinned by

clectro polishing in a solution of 62 .5% m e t h a n o l , 3 1% hutanol

and 6.5% perchioric acid (70% strength) at 13 .9 v olts and -10° C.

RESULTS AND DTSCUSSION

The micros tructure of the a ll oy  solution treat ed for 10

minu tes at 900° C. (1650° F.) w i l l  be discussed first because

this solution temperature is of p r i m a r y  interest , then the re-

suits of o t h e r  s o l u t i o n  t e m p e r a t u r e s  w i l l  he comp ared to t h e

900° C. (1650° F .) resul ts. Thu transmission e l e m t r o n  micro-

graph in Figure 2 shows part icles (islands) of prima ry in

a matrix that is a mixture of r et a ined and m a m t nsite , Fi gure 2

contains the electron diffraction patt e rn i d e n t i l~~ing the phases

as a ’ (hexagonal c lose  packed) , a n d  (bod y c i i i  t et ed cub ic) . The

l a t t i c e  p a r a m e t e r s  of t he  a ’ a n d  -; a r e  pres ented in l a b l e  2 . The

l a t t  ice ‘a r a m e t  er d a t a  is n e c e s s i  r v  f o r  p h a s e  i dci  t i f i c a t  i on .

The m a r t e n s i t e  is i n d e x e d  on a h e x a g o n a l B r a y  i a s  l a t t i c e  (a ’ ) ;

how ever , it i s  p o s s i b l e  t h a t  the m a r t e n s i t e  i s  a r t  horhombic m ”)

To t h e  p r e s e n t  t i m e  we h a v e  h c en  u n a b l e  to  u n a m h  i~uousl v charac-

t e r i z e  t h e  m a r t e n s i t e  b e c a u s e  of  the s i m i l a r i t y  of t h e  a ’ a n d  a ” .

The orthorhombic Bravia s lattic e is obtained by a dLstor sion

of the hexagonal cell such that the 6 fold symm e t ly of the

basal plane is destroyed and the a and h axis of the orthorhombic

?. -
‘ 
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cell m u s t  he uti i i :cd rather than the a ax i s  )f t h e  h e x i m - o n a l

The dis torsio n is d i f f i c u l t  to detect u n l e ’~s it i~ li:rge . bar

it onl~ requi r es a small distorsion to cause the structure to

have arm on hurhombi c Bray j as lat t ice , thus nak i ng u n a m h  ip rus

ident i f ica t~~on difficul t. In the t ransmission electron micro-

grap h of Figure 2 it is obvious that sonic ac~~~u 1 ;i r m a rt ensite

has been formed , bu t it has proved difficult to obtain a diffrac-

tion pattern just from an acicula r mai -tcnsit e grain because of

it s small s~~zy . Some diffraction spo ts from the acicu lar rnartensite

h a v e  been ‘ so rved mixed with those of the B pha se , and the

dark field image in Figure 3 is an indication of the morp hology

of t h e  a c i c ul a r  m a r t e n s i t e . The observation ti -m at the matrix is

p rimaril y re tained B in the alloy solution treated at 900° C.

and wa ter quenched is at variance with the results of both

Wi l l i ams  e t ~l. and Fop iano et al ., they observed a and mar-

tensite al hough Williams et ai . leave open the possibility of

a small ani un t of B. The expl anat ion of this iii Iference is

no t c lear , hu t we are quite certain of our cenclusion ; to support

our conclusion subsequent deforma tion of the a u l o y  produces

a martensitic ransfornua tion as w i l l  he discus sed next. Onl y

the metasta bic retained B c o u l d  t r a n s f o r m  to  m a r t e n s i te .

The in crochemistry of the allo y solution treat ed a t  900° C .

(1650° F.) is g iven in ‘table 3 . Our resul ts are compare ’ with

the results presented by Fopi ano ct al • for • ‘ solution temper-

a ture of 900° C. The data of Fopi ano et a l  is rio t an exper -

iment a 1 result , hut r a t h e r  it is based upon an anal y s i s  of

previou s ph u s diagram work. The results for vanadium are in

— • - — - - — — — rer— - -- .--~~~ - . a-~~~~~~~~~~~~~- - - - - — -
-
~~•
,.
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good zig r o e m e n  t wi t h  our exp e riment s h u t  t li e r -sU I t s for a l u m —

m inu n i  a r e  i n  d i sag reunion t . I n  ‘ I i  5 I . )  i ’k t h e  p lizi sc w a s  t O U f l d

to he lower i n  A~ t h a n  p r e d  i c t e d  l l v  I-op I a n o  ‘ c ati a I ys is.

Our  i n t e r e s t  in s t u d y i n g  t b  I i  — o - ~ . - IV a l l o y  in the 900° C.

soliit ion treated c )ui dit i o n  is t h e  oh scr va t iou of a n  inup ro (- e (I

fat i guc life for this treatment. ‘l’o understand the reason or

t he improved fa tigue l ife  we ar e st udying t he m i c r o s t ruc t ure

of this alloy before and af ter c y clic loadin g. A specimen of

• this alloy was subjected to c yclic deC o r - a t  ion of  a = 5. 1
A I - T

x io 8 N/ M 2 
(78 ksi) wi th R = - 0 . 3  for I \ 10 6 cy cles. Note

in Fi gure the increase in the p e r  ntagc of mart~. s i t o  needl e s

af ter the cycl ic  deforma t ion in c o m p a r i s o n  t a F ig u r e  2 . It

appears that the cyclic defor m ation is inducing a ~ to martensite

transform ation . Further work is necessar y to confir m the charac-

ter of the transformation , bu t t he in it ial t ransmi ss ion e l e c t ron

micrograp hs indicate tha t this is a m art ensi te tr ansforma tion .
*

The analysis of the allo y solution tre ated at 1066 ° C.

(1950° F.) was qui te simp le. The structure w a s  a m ’ mar ten-

si te shown in Figure 5 with the l a t t i c e  pz i r ut ~oter sh a w u  in

Table 2 ob tained from the diffr action p att e rn. No mic i oc h emi cal

analysis wa s performed on th i s  allo y because it should a l l  be

‘~~ of un i form comp osition. It is possible that small amounts of re-

tam ed B could exi st in this at ioy , h u t  n o n e  w e r e  det ected.

The analysis of the allo y ~olut ion treated a t  M - 1 3 °  C .

(1550° F.) is no t yet complete ; however , i n i t i a l  work in dic ates

that the microstructur e shown i n  I i g u r e  C) is composed of p r i m a r y

al pha and re tained B . These r e s tu l ts are ziga t i  a t  v a r i a n c e  w i t h

!‘
~ ~~~~~ 
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lop iano et al. ; however , W i l l  jams and R l a c k b - n n  indicate that

be tween 8311°C. and 8 6 1 ° C . there is a mi ‘i tur ’ of t ’ 
~ ~~ 

+

a n d  t h a t  b e l o w  830 ° C .  t h e r e  i s  rima rv~~t : i u a  t ’  ‘- mined V . Our

results are ha ;i ca ll y in :ugr ’em en t w i t h  ~ i l l i a n .  and B l a c k b u r n

because we hserve pr imar y a and V , it is p o ss il le that there

is a small amoun t of a ’ in addi t ion that we F i v e  t i  heen abl e

to detect.

___  -“ - -— ----- - --- —-_ - -a-- -— -- -— -  - - -
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Our micros tructure a n a l y s i s  is n i t  as vet c o iu p ld- te , hut

still the present results provide in i n dication of the mechanism

that is resulting in the improved fatigue lives for the specimens

solution treated at 900° C. (1650° I- .) and wa ter q ienched. The

matrix of this alloy as quenched is mos tl y re ta in d B with some

acicular martensi te. After c y c l i c  loading it is observed that

a large fraction of the., retained B in the m a t r i x  b i a s  t r a n s f o r m e d

to acicular mar tensite. The structure of the mar~ ens it e formed

d u r i n g  q u e n c h i n g  and  d u r i n g  c y c l i n g of the p00° C. solution

treated alloy have not been de termined , hu t there are ind i ca t ions

that both are orthorhomhic 5 . I t appears that the cyclic defor-

mation is producing the martensi tic transformatio t rather than

fatigue damage. We propose ti -m at this mi gh t he a ontributing

f a c t o r  to  the increased fatigue life of this :i l l o ’ , mar tensi t e

is formed rather than fatigue damage.

The reason that this same m e c h a n i s m  does  not work in the

alloys given the other treatments is exp 1ai n e~l h\ our micro-

Structural anal vs i s  . The a 1 1 ov so I L i t  ion t rca t ed i t  1 Oo o ° C.

(1950 F.) i s fu 1l~’ transf ormed to m a rtens i t e  ( , ‘) thus in

t hi s a 1 b y there i s no s i gn i I i c a n t  a ‘ a u n t  o f  r e t a i n e d  B to

transform.

ihe alloy solut ion t rear - a t  ~ 1 ~~~
° C . ( 1 5 5 ( 1 ° I . I (hoes

no t have as large a fat ugu e t i l e  i c  rh ;v solut ion treated at

S

— —-
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900° C. (1 650° F.) because the I~ phase is riche r in vanadium

at the lowe - solution temper i t u u u c , this is shown in Table ~

where a t ¶~~0° C. our results and those of Fopiano et al. 3

agree thai there is about 6. h~7 vanadium in t h e  B phase , hut

at the lower tempera ture of 850° C. the B ph a— c has about 9%

v a n a dj u m . The i n c r e a s e d  v a n a d i u m  c o n c e n t r z ~t i on  t ends  to

stahili:e the B pha se so that the B to martensite transforma-

tion has le :s probability of occ urring. En the case of the

recrvstaL ze a n n e a l  alloy the V phase is stahili:ed during

the s low o~ o1ing so that the V pha se becomes rich in vanadium.

There is one possible exp lan ation for the improved fatigue

life that we have not separated from the e ;olanation that

i s proposed a’ove. That is that it is the pr L sence of the

f inely disp~~rsed martensi te (probably orthorhombic ci ’ )  shown

in Fi gure ~ that is resultin g in the improved fatigue life .

Since the rl in this microstruct ur e also transfo rms to marten-

site during the cyclic deformation we have not been able to

determine the relative effect of the trans ormation and t h e

• microstruc turo in which it occur s .

~ I

r ~ , . . • 
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la b l e I

FATIGUE LIVES OF IILAl TREATED T i  -6A~ -lv
ALLOYS CYCL EI )  AT A SHEAR S T R A I N  OF
PLUS AN AXIAL STRESS OF 2.12 X i o ~ N / M ~

HEAT STANDARD
• TREA TME NT* ME AN** M I N I M U M  D E V I A T I O N

a - f  ANNE ..I 944 429 443

843°C (L;S0°F)ST
+ WQ 2497 1837 717

9 0 0 ° C  ( 1 65 0 ° F ) S T
+ WQ 96 16 8917 758

1065°C (l950’F)ST
+ WQ 2396 1633 487

* ST-s’.lution treatment for 10 minutes
W Q-W ar er  Quenched

** R e s u l t s  based  upon f o u r  s p e c i m e n s  f o r  each  h e a t  t r e a t m e n t .

a-B Anneal - 800°C ( 14 7 2 ° F )  f o r  3 hours , :‘irnace cool to 600°C
(1112°F) Air cool to room temperature.

id
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Table 2. l a t t i c e  1’arzi’ret(’ r~
; o f  ‘ I i  o U  1\ Phases

Heat l’ r e a t m e n t 1 
Phz se l a t t i c e  Parameters Technique

i n A °

R . A. a = 2 .92- 1 c = 4.671 X -R-l )

R. A. a a = 2 .925 c = 4.670 F-I)

1066 C . - ST + a ’ a = 2 . 9 2 1  C = 4 .663 \-R- I )

1066 C. - ST + WQ -i ’ a 2 . 9 2 5 c = 4 .634 F-I)

900 C. - ST + WQ a a = 2.942 c = 4.738 E-D

900 C. - ST + WI) a ’ a 2 . 93 1 c = 4 .69 6 F - D

900 C. - ST + WQ B a = 3.299

1. R. A. : Recry stallize A nneal

ST : Solution treated for 10 m m .

WQ : Water quench

• 2. X-R-D: X-ray diffraction

E-D: Electron diffraction
S
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Tab’ .’ 3. M i c r o c h e m i s t r y  of  T i - 6 A 9 ~-4 V  S o l u t i o n
‘I reated and Q u e n c h e d

Solution Phases Phas : Reference
Temperature Observed Composit ton

A 9. V. Wt %

900° C. a 7.49 ± .1 2.51 ± .12  T h i s
(1 650 ° F.~ i t ’ + p 5.8 t .26 6.66 ± .65 Work

900° C. a ¶1 2.5 3

a ’ 2

850°  C. a 8 ..5 3

a ’ 2 3

S
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Fi g u r e  3 A da rk f ield image ta~ cn f r o m  one o f  t N . mar tensi te
r e f l e c t i o n s  in h igu r e  , this shomv s the mor~ hob og .
of the inartensi te.
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Fi gure 4 T~ ~I f r o m  t h e  came a l  b y  sho~sn in Figure u t t e r

IU~ fati eni e cycle s of 
~~~ 

= 78 ksi ~ i t h m ~~-0 .3
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A STUDY OF FATIGUE DAMAGE
WITH ULTRASONIC INTERNAL FRICTION

MEASUREMENTS

ABSTRACT

Internal friction measurements using a resonance

technique at kilohertz (17650 Hz) frequency w2re made on

Ti-6AR-4V that had been subject to cyclic fatigue loading .

The measurements showed that the internal friction increased

as the fatigue da~nage was increased . Also fatigue damage

caused a decrease in the ultrasonic strain wave amp1i~~ide

where the internal friction becomes strongly ampli tude

dependent , ie where the ultrasonic wave began to fatigue t ac-

specimen . These initial results indicate that the ultra-

sonic internal friction at kilohertz frequencies is sensitive

to initial fatigue damage and it may be an effective tool

for studying and monitoring fatigue damage.

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



A STUDY OF FJ~r r G u F :  DAMA ;E W I T H
ULT}thSONIC IN T }-~RNAL F R I C T I O N

M E A S [J  R EM E N T S

INTRODUCT ION

There have been some past attempts at stud ying fatigue

damage with measurements of internal friction . One common ly

emp loyed technique is the measurement of the attenuation of

an ultrasonic wave using a pulse-echo type measuring system.

However , the results from these experiments are quite con-

tradictory. For examp le Joshi and Green 1 used a pulse—echo

method to study fatigue in aluminum and steel. In both cases

they found that the ultrasonic attenuation was nearly con-

stant during fatigue testing until about 70% (steel) to

5 80% (aluminum ) of the specimen life was consumed , then an

increase in ultrasonic attenuation was observed and just

before final fracture the ultrasonic attenuation increased

drastically. No correlation between the ultrasonic attenua-

tion and the fatigue damage is presented by Joshi and Green ,

but it is most likely that the ultrasonic wave was attenuated

by the presence of the crack. This technique appeared to

be insensitive to the initial cycles before crack initiation ,

thus the technique does not appear to be sensitive to the

accumulation of fatigue damage before the crack initiation

stage . A similar techni que was utilized by Etratina and Mills 2

to study fatigue damaqe in 4)40 steel , ~s nt  the results are

quite different. Bratina and Mills observec that in slow

- - ~~. - — — -- - - -  - - - - — —
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cycling (1 l!:~) of 4340 steel the int-rna l friction continually 
j

doi’re~ seI1 ~~ th cyclic straininq, this they ati ributed to

st r i i n  a T - n q .  B r a t i n a  and Mills correlated their results

with diE I cation behaviour hut no correlation was made with

microscc-pic fatigue damaqe. Thus the resu l ts of Joshi and

Green are quite different thnn the results of Bratina and

Mills. There also has been interest in u~ inq the exponen tial

decay of a pulse to determine the internal friction . Several

Soviet put-lications deal with this technique ; for examp le

Shevely~. and Oth lesk 3 used the decay of oscillations to de-

ter m i ne  ~he internal friction in copper and steel during

fatigue . In copper they found that the ~nte rnal  f r ict ion

first increased with cycling , they att r i bute th i s  to an

in i tial inc~ ease in dislocation densi ty and l eng th.  Th en they

observed that the internal friction reached a peak at about

10% of l- ’ Le lifo and began to decrease. They attribute the

decrease in internal friction to a shorteoinq of the dislo-

cation ioops due to pinning by point de f
~~~ts. The internal

fric tion continued to decrease until a minimum value was ob-

served at t~ e time of crack initiati on . After crack initia-

tion the ~nterna1 friction increased rapidl y un til f a i l u re

occu rret . The response from steel was somewhat different;

several maximums and minimums were observ’~d in the internal fric-

t n .on as the fa tigue dama ge inc reased , als: in copper high ampli-

tudes of stress Droducod smaller changes 2.n internal friction than

low amplituces , whereas in steel higher amplitudes of stress pro—

‘lucod  Larjer changes in the m agn i tu d e  of i n te r n a l  f r i c t i o n .
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Aqa i n , no c o r r € -  i~i t ion w i s  mad - H - I We rn I h - s  - m e a s u r e m e n t ;

of i n t e r n a l  f r i c t i o n  and t H m i c r a s t  n u t  u n  11 c h a n g e s .  Th i s

techni que does ~g ; e u r I n  i -  s ’ - i n s i t i v - I m i c r o s t r u c t u r u l

changes b e f o r e  and a f t  -r  ( r n - k  I rn t i n  I , n n v i  t h us has an

advantage over the u l t r n s o n i c  n t - I  h i  n t  m- - i - n h o r t z  f r e q u e n c i e s .

Mas on 4 has developed a t - - hn 1- ~ In~ tn r studyinq the

i n t e r n a l  f r i c t i o n  of m e t a l s  u s i ng  u l t r a so n i c  waves of kilo-

hertz frequency. The unique feature of n his techni qu e is

that the ultrasonic wave amplitude can be varied so that

ultrasonic waves of longitud i nal a t  r im amp li tude

from 10 6 
in/in to E0 2 in/in can be produced in the specimen.

Since the internal friction n m  1 -  amplitud e dependent this

var iab le  amp litude adds considerable versatility to this

techni que . It is possible to innrease the strain wave ampli-

- 
- 

ti.jde to where the ultrasonic waves begin to fati-~ue the

specimen. When the specimen begins to F3tique the internal

f r ic t ion  begins  to inc rease sha rp ly. Mason and MacDonald5

used this technique to fatiq ime a specimen of Ti-6A -~~-’ at

u l t r a son ic  f req uency.  Af ter fati guing the specimen at

ul trasonic f requency  they  ob served tha t upon re test i nq the

specimen , the shar p in crease in i n~ erna1 friction that iad i-

cates fatigue occurred at an ultrasonic strain wave amplitude

nearly an order of magnitude smaller than before fatigue.

- •~ ~~~
- Also  they observed tha t the ba se l ine v a l u e  of the in te r n a l

friction had increased nearly an order of magnitude after

the ultrasonic fatigue . Mason and Wood 6 ha ve correlated the

.

c
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chanqes in microstrurture with the obser~’eJ changes in

internal fricti s-n f r mot-~~s like copper and iron. They

found that the formation of persistent slip bands corresponded

with the uharp increase in internal friction . h owever , the

fati-iue :lamaqe due to ultrasonic kilocycles was much differ-

ent thar that of low f r e qu en c y  testing. They observed at

the high frequencies only a few very  n a rr o~i isolated slip

hands had f o r me d , where -is , at low frequency the persistent

sl ip bands ~ould spread throughout the specimen. Despite

h re bei;ng only a few isolated spots of fatigue damage

there wc re ver” ia~ qe changes in the internal friction .

Thus it ~puears that the energy absorbed out of the ultra-

sonic strain wave is selectively absorbed at these localized

persistent slip bands , unless some unobse rved change is

occu rring j r  the bulk of the specimen. Because of the

apparent selectivity of this ultrasonic technique for absorb—

ing enerc\’ at fatigue damaged areas ~t might be possible to

u- - - e th i~ ultrasonic internal friction techni que to study the

— accumulation of fatigue damage that occu;s at more conventional

f J nencins. In this research we will use the techniques

deve1n~ od b~ Mason to study specimens that In~ave been subjected

I C )  f - n t  iq’i. damage .
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The syst -rn used  f o r  I t i  rr ~ - m s n r . lC - n t  — i t  I H internal

friction is shown in I i n ’ i r -  . H e ni s is t ~ ; o f  a PZT 4

ceramic driver ce m en t  t i  C)  d O ( ’ i n - t f l  i c - n  I r iri sf o r r r it - r with

epoxy resin which can ~ i t h st mnid 1ar~ n - strains. The mecha-

nical transforme r has d i n m t o . - r s  of 1. 75 jr~. and 0.35 in.

resulting in a diam e ’t ’-r rat ~~- , of 5 to 1; this results in

a displacement ratio of 5 c~ 1..

- —lIt has been shown that ‘H- int e rnal friction (Q ) ,  and

the longitudinal strain •upp l i - d  I the specimen (S
11

) , both

can be determined by measuring the voltage applied (Va) to

the transducer , the pickup v o l t a g e  (V
~,u

) from electrodes

. mounted at the center of the’ I ransducer and the resonant

frequency of the system. Ca l ibr i t ion of this system has

shown that the longitudinal strain is given by the following

equation :

S = (7) (l.65x10 5) v = l .lSSxiO V (I)11 pu pu

and the internal friction (Q 1
) is given by:

= l.326x10 3 (~~~ 
- 0.168) (2)

The details of measuring the’ parameters for these equations

is discussed by Mason4.

The specimen must be made to resonate at the system

frequency which is about - 17 ,650 Hz , t he di mens ions shown in

F igu re  2 r e su l t ed  in the proper resonant frequency for the

Ti-6AV-4V used in this experiment. The actual chemical
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composition for this alloy was in wt . pci c2nt :

V 0 i- ’c’ N C H

6.3 4.2 .188 .17 .010 .02 6 7np M

The m i l l  annealed  m a t e r i al  H r  these specimens was machined

on a lal r~e to the dimensions shown except that about 0.020

inches of extra metal was provided in the aecked down por-

tion . The specimens were’ then annealed in a vacuum better

th an l0~~ tcrr at 500°C for four (4) hours and furnace

coo led. ~‘hev were then polished to the final dimensions

with a (.1 mi cron surface.

The specimen is tuned to the resonant frequency by

polishing in down to the proner dimension , a typical specimen

and dimensions is shown in Figure 2. Th’: tuning is controlled

by the equation :

ni
l Z02 2

TA!’ — = (—) ( 3 )
v 1 Z01

Where w ~s the resonant frequency, l~ is the snecimen length ,

v1 is the veloci ty of sound , an d Z
02 

are the impedan ce

of the large and sma l l sect ions of the spec imen .  Th e ra tio

of the imped ances Z
02 /Z 01 can be taken as the ratio of the’

masses o~ the large and small sections for this calculation .

The spe’ ~nen must he closel y tuned to t h e re son an t f r e q u e n c y

of  ht-rwi s2 the output from the oscillator decreases sh-m rn4v,

this is demonstrated in Figure 3 where the resonant frequency

of the system with a specimen attached i—~ p lotted as a func-

t ion of the ou tout  vol tage (V
0). The resonant frequency

of the rv-~tem alone is about 17650 H z , as can be seen from

- , — ——s —-~~~ 
-—. — — S
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Figure 3 when the resonant frequency of  s y s t e m  with m spe-

cimen attached a p p ro - t ch e s  the reauni -int Ir-e ’qut-ncy of the dr -n -;or

alone the maximum output is oh-;ervcd . In t h i s  experiment the

resonant frequency of a s pe c i m e n  c ou l d  L a ’  chanqed by changing

in equation 3 , this is ho r C I - by polishinq off some material

thereby reducing Z 02 thus changing w to satisf y equation 3.

After the specimen is tuned and polished the internal

f r i c t i o n  is determined as a f u n c t i o n  of the u l tr a- oni c

s t r a i n  wave ampli tude , a typical result for the initial

unfatigued material is shown in F i g u r e  4. The internal

friction is observed to be relative ly independent of the

ultrasonic strain wave amplitude until the wave produces

s t r a i n s  of 4 x l0~~ then the i n t e r n a l  f r i c t i o n  becomes s t r o n g -

• 
lv amplitude dependent. It has been observed that the ampli-

tude dependen t section cor r espon ds to movement  of dis locat ions

and that the specimen fatigies if the ultrasonic strain wave

amp litude is further increased . In these studies the ultra-

sonic strain wave amplitude was increased until the ampli—

tude dependent region was observed , and the test was termi—

nated below the s trains that would produce additi onal fa tique.
- i
• The specimen shown in Figure 2 was t hen sublected to

fully reversed fati gue strainin g (R=—l) for a fraction of

the expected fatigue lif e ’ . The internal friction was then

aqain determined as a function of ultrasonic strain wave

amplitude until the internal friction was observed to be

amplitude dependent; then the internal friction test was

term i n a ted and more cy cl es were app lied  and the internal

‘ 1
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friction redetermined . The results of such a sequence of

tests are shown in Fi gure  4 .

The fatigue cycling was performed at room temperature

at a frequency of 0.2 Hz. The specimen shown in figure 2

was clamr ed in a special fixture designed to accommodate

the large ends of the specimen . The fatigue machine produces

a cyclic angu la r  disp lacement which for the strains listed

in figure 4 were 2.4° (0.009) and 3.19° (0.012). The s t r a i n s

were calc u la t ed by ass uming that the strain in the specime n

was loca l i zed  over the s t raight por tion of gage leng th of

0.426 (. 76 - . 2 5 0 ) i n .  There is of course some error  in

this ass imption for some strain will occur in the curved

por t ion of the specimen , but  t h i s  r e f i n e d  c a l c u l a t i o n  did

not seem necessary for this presentation .

S.

S

-Sc

.
~

- -

— - —.5
’.. ~“ - 

.
. 

~~~~~~~~~~~~~~~~~~~~ - — - — - 5



(‘—10

V
RE SULTS ANI) D1SCUSS1ON

In the results shown in Figure 4 the  t es t s  were s tar ted

at a shear straLn amplitude’ of 0.009 , after initiating the test

it became apparent that it would require too much time to

complete the test thus this ampli tude was terminated af ter

1400 cycles. The shear strain amplitude was increased to

tO .0l2 and after 800 cycles of ~0.0l2 shear strain the inter-

nal f r i c t i o n  was again determined. In Figure 4 it can be

seen that this fatigue loading resulted in an increase in

inter nal friction, also the internal friction became strongly
— 4

amplitude dependent at a small er strain (3 x 10 ). The

specimen was then fatigued for four hundred additional cycles.

The internal friction was again de termined as a f unction of

s t ra in  ampl i t ude , t h i s  da ta  is a lso  shown in Fi gure 4 .  Again

the internal friction increased; however , no subsequent

-
~1 change was observed in the s train (S 11 ) where amplitude depend-

ent internal friction was observed . Relat ive to the unstrained

state , a 60% increase in internal friction was observed after

- 

- 

the 120 0 cycles at ~0.0l2. The specimen was again fati gued ,

but failure occurred after 1749 cycles and no measure of inter-

nal friction was made before the final fracture.

4 _5_,
_
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CONCLUSIONS

The ~ests shown in Figure 4 indicate that the value of

the internal friction (Q 1
) is se n s i t i v e  to fatigue cycling .

Of particular interest is that the interna L friction appears

to increase continuously with cycling , th us th e technique

mig ht allow a continuous monitor ing of the condition of the

metal duri:Lg cyclic loading . This is a considerable advantage

in compai i son to the result of Joshi and Green where an in-

crease in ultrasonic attenuation at megacycle frequency occurred

just prior to final failure . More experiments need to be run

to correlate the internal friction w ith th f r a c t i o n  of f a t i g u e

l i f e , and to correlate the internal friction with microstruc—

t u r a l  ch~ nj e s.

In I igure 4 the internal friction of the annealed specimen

becomes strongly amplitude independent at ~ longitudinal strain

wave amplitude of 4.25 x 1O 4. Above this strain wave ampli-

tude the specimen is being fatigued . Afte fatigue cycling

for 800 cycles at ~0.012 the internal friction becomes strongly

amp litude dependent at a strain of 2.9 x i0 4, thus the ultra-

sonic wa~ 3 can fatigue the specimen at a lower strain amplitude.

This indicates that the cyclic loading has weakened the material.

Experimentally , it is very difficult to determine the point

at which the specimen begins to become unstable during the

ultrasonic intarnal friction measurement without permanently

damaging the specimen. Thus in our future work we plan to

.. -~~ - -- - - . -~~   - -- — S. - ~~~~ 5 — .— --5-- - - - - - -~~ - - -
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concentrate our effort on the change that occurs in tue ampli-

tude independent interna l fr ict ion . This shou ld allow us to

apply this technique to larqer specimens with lower amplitudes

of strain wave that would be non damaginq to the specimen .

p

S 

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



C— 13

REFERENCES

1. N. R. Joshi and R. E. Green , Engr. Fract. Mech., 4 (1972)
577—58 3.

2. W. J-. Bratina and D. Mills , Canadian Met. Quart. 1 (1962 )
83—97.

3. V. V. Shevelya and B. E. Otblesk , FiziLo—khimicheskaya
Mekhanika Materialov , 8, 3 (1972) 257-261 (English trans-
lation) , 7—12 (Russian)

4. W . P. Slason , Microp lasticity ed. C. J. McMahon , Interscience
(196 ) 287—364.

5. W. P. Mason and D. E. MacDonald , J. Acoust. Soc. Am. 51
(1972) 894—899.

6. W. P. Mason and W. A. Wood , Jour . Appl . Phys., 39 , 12
(1968) 5581—5584.

1~~ ~~~~~~ ~~~~~~~ -. -~ -.- -  , -_ .~~~~~~4gI.~~* 
- - - -.-. - 



t , H~~~ t -  ( ‘ I N (  t i l t -  TH O [ ) l
ORIV INC. E I ICT ROO E  - —

P U ELECTRODE I
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— - STUB TRANSFORMER

SPECIMEN

Figure 1 Schematic diagram of the ultrasonic driver.
The driving electrode is a PZT-4 p iezoelectric
cylinder attached to a Ti-6A9-- -4V stepped trans-
former. The specimen details are shown in Figure 2.
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Figure 2 Dimensions for the Ti-6A9-4V specimen used in
th is experiment. The curvature between the center
and the ends was to l o c a l i z e  the  f a t i gue damage
at the specimen center.
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Figure 3 System output as a function of resonant frequency.
When the system is tuned to about 17650 Hz maximum
output is observed .
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LONGITUDINAL STRAIN . ~~ • t0~

Figure 4 Internal friction as a function jf the u l t r a s o n i c
strain wave amp litude determinc~d for an annealed
unstrained specimen and after the fatigue cycles
inlicated .
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A. MeOk~
nical Properties of Annealed and Martensitic Ti—6A--4V .
}‘atigue l i f e  -~tudies are reported on annealed microst’-uctures and on solution

treated plus quenche4~)oicrostp~ctures, and it was found th- t specimens solution
treated at about 900’C (l650~~ ) had the longest fatigue life , longer by at least
a factor of four . A comparison of the u— 8 annealed alloy ith the alloy solution
treated at 900°C (1650°F) demonstrated that increases in allowable strain of as
much as ~ occurred at high strain amplitude . Annealing 3nd elevated temperature
testing appear to decr€ase the fatigue life of the as quenched ~i1loy . Tensile
tests of tIa~ al loy ~o1iition treated at 900°C showed that this treatment result - -~

in a high tcnsile strength and a high ductility (reduction in area) relative to
commonly used ann a... treatm ents . Room temperature static load creep tests l owed
t h a t  the a l loy so~~~tion t reated at 900° C had a hi gh elastic l i m i t  and a r e l at i v el~
sm all amount of St (tic creep.

B. Microstructure of Solution Treated and Quenched Ti-tA~ 4V.

~ The microstructure of solution treated and quenched Ti-6At.-4V is reported
with particular emphasis on the solution temperature of 9UO~ C (l650~~’) . The allo-~
solution treated at 900°C was found to have a matrix of retained ~ mixed with mar-
tensite (a or a~” ) ,  withi ni the matrix was primary t Cyci-c l a - f o r m at - o n  of this

~ alloy resulted in a transformation of the retained (I to mart t-ieite (a ’ or 1 )
- We propose~ that it is the strain induced transtormation of retained ~ to m J r 1  - I l l-
tc that is producir.q the improved fatiquc life of this alloy . ’ The microstructura-
of the alloy nolutio’~ treated at 1065°C (19 U°F) was totally martensite (a ’) thus
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Aix-t r ac t  COf l t  1 R U e d

no it - t aii n e d ~ is p r a - a ; e i i t  to l i a r  t o r n  upanl cy-
cli ng . The analysis of the 1110 / so lot ion trea —

ed at t - 1 3 ° C  (1550°F) is 1 nC - om (-1 - t - , l i t  nil -r I—

s t r u c t u r a l  and micrr ’r -h em ica 1 a n i  lys I - i nd - at  en
tha t  t h i s  a l loy  is compo~o-d of a f~ ( 110- . - -  t h a t
is vanad ium r ich  and pr imary (.~~ The V ~-~j O a -  in
apparent ly s t a b ia -  when sub jec t  to c y cl i x  1- or-
m a tio n  because of td~o hi gh vanadium coi l - i t .

Lat t ice  pa rame te r s  and m i c r o c h em i s t r i - - ;  of nome
of the phases are reported .

C. A Study of Fatigue Damage with ljltranorii c Inter
nal Friction Measurements .

- - - - jlnternal friction measurements uning a re-
sonance technique at kilohertz (17650 Hz> fre-
quency were made on Ti-6AQ-4V tha t  had b -en sub
ject to cyclic fatigue loading , ache measuremen S

showed that the internal friction increased as
the fatigue damage was increased .~~~ 1so fatigue
damage caused a decrease in the ultrasdiitc
strain wave amplitude where the internal fric-
tion becomes strongly amplitude dependent , ie
where the ultrasonic wave began to fatigue the
specimen . These initial results indicate that
the ultrasonic internal  f r i c t ion  at k i L o h e r tz .
frequencies is sensitive to initial fatigue da-
mage and it may be an effective tool for studyi g
and monitoring fatigue damage.

-S

.- KEY (VORDS

Titanium alloys , fatigue , yield strer.~ ch , t ens i l e
strength , elastic modulus , ductility , martensite ,
Lattice parameters , microchemistry , solution t r e a t
ment, internal friction .
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Nat lorial Aeronaut irs & Space Ad ml ni st r at ion Knima n A er o-n pi ce Corporal ion
Langley Research Center (lid Windsor Road
Materia ls Division , Langley Station Bloomfield , CT 0600 1
Hamp to n , VA 23)65 A l t o :  Mn. ‘4. L . White
Attn: Mr. P. F. Hardrath
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l I u i i t s v l l l a - , AL 35812
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S a - c t t l e , WA 98124 -\ t t n :  D c .  M . I .  Ja cobson
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The Boeing Company Box 504
Aerospace Division Sunnyvale , CA 94088
P.O . Box 3707 Attn: Mr. C. P. Pinkerton
Seattle , WA 98124 Bld g. 154 , Dept. 8122

~ A t r r i : Mr. E. C. B -vee

l)ouglas A i r t - r  a f t  Company
Northrop Corporation 3855 Lakewc,od Boulevard
Aircraft Division Long Beach , CA 90908
Dept . 377 1—62 \ttn: Mr . Fred Mehe , C1—250
3901 West Broadway
Hawthorne , CA 90250 McDonnell Aircraf t Company
Attn: Mr. Allen Freedman St. Louis , Mu 63166

A t t n :  ‘-In. H. 3.  Siegel
LTV Aerospace Corporation Ma teri als & Processes Dev . De1-t.
Vought Aeronautics Division ( ;ei ìera l  E n g i n e e r i n g  D iv i s ion
P.O . Box 5907

Dallas , TX 7522~ Mcl)onnell—Douglas Research Labs
A t t n :  M r .  A.  Ho~ iran S t .  Louis , ‘-10 63166

At tn: Dr. 1) . P. Ame s
Rockwell Interna~~onal
Columbus Division Bell Ae,’osystems Company
Columbus , OH 43216 Technical l ibrary
Attm : Mr. P. Maynard , Dept. 75 P.O. Bo~ 1

Group 521 Buffs Ic 
* 

NY 14 )4))
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At m : Dr. Al Ja obs Evendale , OIl 45215

Rockwell Intern an tonal Solar
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Los Angeles , CA 90008 Attn: J r .  A.  M e t c i l t e
At tn : Gary Keller
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I.vcoming l )ivi sion l i i i  ted A i m - r a t  t Company 
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Attn : 0. Wood 
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D e f e n s e  D o c u m e n t a t i o n  Cr-nte r

M a t e r  i i  Is & P r o c e s s i n g  L a b o r a t o r i e s  
C-imeron S t a t  ionB e u l a h  Road 
A l e x a n d r i a , VA 22314Pittsburgh , PA 15235 
Via : CommanderAttn : Don E. Harrison Naval Air Systems Command

(AIR—50174)Dr. John D. Wood 
Departmen t of the Navy

Associate Professor 
Washington , DC 20361Lehigh University 
(twelve copies)Bethlehem , PA 18015

NAS AGoo d year  Aerospace C o r p o r a t i o n  S c i e n t i f i c  & Technical InformationPlant B, Dept. 690 
FacilityAkron , OH 44315 

P.O . Box 33A t t n :  A.  0 . Tokarcik 
College Park , MD 20740
(one copy )M r .  Jack D . Tree , Dept. 93—35—SM
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Henderson , Nevada  89015402 S. 36th S t ri c t  
A t t n :  l ) r .  H a r r y  W . RosenbergPhoenix , AZ 85 034

R -:u- t  i v -  Metals Inc.
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N i b s , DII 4 4 4 4 6Boeing C e n t e r  
At In: l)r. Howard Bomberger

P.O. Box 16858
Philadelph ia , PA 19142 

SouthwEst Rose - n r c  I n I n s t  i toteA t t n : Mr .  J. M. Clark 
8500 Culehra
P .O .  Box l)rawe r 28510Martin Marietta Aluminum Company 
San Antonio , TX 78284

19200 Southwestern Avenue 
A ttn: Dr. C. Gerald CardnerTor r ance , CA 90509

Attn: Mr. C. A. Moudry 
Dr. .1. C. Williams
1)ept. of Mettalurgv & Materials ScienceTRW , I n c .  C a r n e g i e  M e l l o n  tn iv e r sit v23555 FocI id Avenue P i t  t s h m i r g l n , PA 15213Cleve land , OH 44 117

A t t n :  E l i z a b e t h  B a r r e t t  M a s s a c h u s e t t s  I n s t i t u L ~ of TechnologyT/ M 34 17 
D e p t .  of M u - t a l l u r g y  & Materials Science
C a m b r i d g e , MA 02 139The Dow M e t a l  P r o d u c t s  Comp any - 

A t t n :  I )r .  W. A . BackofenHopkins  B u i l d i n g  Dr . N . !. Gr a n tM i d l a n d , M E  48640 (o ne copy c a c t i )
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Materials Laboratories
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