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A-1

MECHANICAL PROPERTIES OF ANNEALED
AND MARTENSITIC Ti-6Af%-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 a-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 trea*ed at 900°C showed that this treatment resulted

& in a high tensile strength and a high ductility (reduction

in area) velative to commonly used anneal treatments. Room
temperature static load creep tests showed that the alloy
solution treated at 900°C had a high elastic limit and a

relatively small amount of static creep.
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The Mechanical Properties of Annealed

and Martensitic Ti-6A%-4V
Introduction

In previous work we have studied the fatigue behaviour of
Ti-6A%-4V alloys as a function of their microstructurel. A
significant result to come from this prior work is the improved
fatigue crack initiation life that results in Ti-6A%-4V when
it is solution treated at 900°C (1650°F) and water quenched.

To supplement this information on fatigue crack initiation life
we have conducted other mechanical property tests on both
annealed and solution treated Ti-6A%2-4V. This paper presents

a survey of our results on mechanical properties of heat treated
Ti-6A%-4V microstructures. The test results that will be included
are: fatigue 1life at fixed strain amplitude, yield strength,
elastic modulus, ultimate tensile strength, ductility, and

static load creep. Unfortunately all tests could not be run on
the same heat and composition of Ti-6Af-4V alloy, because differ-
ent specimen shapes required different starting material, which
could not always be purchased from the same supplier. Because

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

be reported.

Experimental Tests and Results

A. Fatigue Tests.
Fatigue tests have been conducted on heat treated alloys.
The details of the test procedure and specimen preparation were

presented previouslyl, but some additional tests have been con-




I

i i

LT S B
B

A-3

ducted, so the complete results will be presented. For the tests
on heat treated 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 fully
reversed strair (R=-1), and in addition a small axial stress of
2,12 xlO7 N/M2 (3600 psi) was applied to these specimens so that
cyclic creep measurements could also be made. Table 2 gives

the results 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 fatigue life observed in the solution treated alloy.

Table Z shows the improved fatigue life at a fixed strain;
in addition, 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 strain amplitude vs cycles to failure diagram
shown in Figure 1 for an o-8 anneal and 900°C (1650°F) solution
treatment. For example, at 9 x 103 cycles to failure, the alter-

3

nating sheszr strain amplitude is about 20 x 10 ~ for the alloy

solution treated at 900°C (1650°F), and for the a-B annealed

3 for 9 x 103

alloy the alternating strain amplitude was 13 x 10
cycles to failure. This is more than a 50% increase in the allow-
able shear strain level. From Figure 1 it appears that at high
strain amplitudes, the alloy solution treated at 900°C (1650°F)

will show even larger percentage increases in allowable strain

relative to the annealed state.
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litanium alloys are often used in elevated temperature
applications, thus elevated tempcrature fatigue tests will give
some indication of the thermal stability of the alloy. Table
3 gives 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-B anneal, but the factor is not as
large as it was at room temperature. Note that the fatigue life
of the a-B anneal alloy increased in going from room temperature
(Table 2) to the elevated temperature; where as, the fatigue
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 Tests

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 utilired in this experiment and these procedures are
listed belcw:

a-B Anneal (aBA)

800°C (1472°F) for 3 hours, furnace ccol (FC)
to 600°C (1112°F), followed by air cool (AC) to
room temnperature.

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.
B Anneal
0.5 hour at 1037°C (1900°F), AC to room temperature,
732°C (1350°F) for 2 hours, AC to room temperature.
The anneal.ng was all done in a vacuum of at least 10_5 tort.
The solution treatment at 900°C was performed in a vertical
air furnace, two solution times are reported 10 min. and
15 min.; the specimens were then water quenched. The specimens
were nominally 1.27 cm. diamater with a 8.26 cm. gage length.
The tensil> tests were conducted in a Materials Testing
System.
The experimental results are presented in Table 5, and

Figure 2 is a photograph of four fractured specimens. The
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specimen solution treated at 900°C had yield and tensile
strengths significantly higher than the o~-f anneal and the
RA, but the strengths of the g-annecal are higher. The tensi
properties of the B-anneal from this test are in good agree-
ment with the results of Harrigan ct alz, but there appears
to be a wide range of properties in the literature for the
B-anneal alloy. Note also that the B-anneal 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 ductility (reduction in
area) being the maximum; the oa-f anneal and the 1650°F solu-

tion treatment had essentially equal ductility. The elastic

le

modulus listed in Table 5 was obtained by measuring the slope

of the stress strain diagram.
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C. Static Creep

It has been observed by numerous authors that titanium
alloys can creep at room temperature when subject to stresses
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 fraction of yield, then they exhibit a combination of
elastic plus plastic behavior up to the yield point, then some
of titanium alloys are known to exhibit extensive creep with
little apparent strain hardening. A static creep test can
show the true elastic limit, the amount of plastic creep below
vield, and it can give an indication of strain hardening after

the yield s:ress has been exceeded.

A schematic of the test facility utilized for the creep
test is shown in figure 3. A .static weight is applied to a pulley
that converts the load into a torque about the specimen axis.
The strain is measured with two mirrors that are attached to
flats on brass collars that attach to the specimen. Attaching the
mirrors to *he specimen eliminates the possibility of recording
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 between the set screws of the two mirrors deter-
mines the gage length. The collars are machined so that the gage
length is a'ways one inch. The twist strain is measured by
determining the relative change in tilt of the two mirrors. By
" taking the relative tilt of the two mirrors aay slippage in the

grips is eliminated from the measurement. The relative tilt
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angles are determined by using a laser source of light and colli-
mating it to get a line. The single 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 bright image
in comparison with the incandescent sources we have tried. We

5 with

estimate that we can measure shear strain as low as 2x10°
this device. In these tests our procedure was to measure the

strain until no additional strain could be detected in a 24 hour
period. Then the load was increased by an increment. The loading
was continued until the specimen yielded. The total strain at

yield was also recorded. In this report the static creep of an
alloy of Ti-6A%-4V will be determined for a specimen solution treat-
ed at 900°C (1650°F) in a sealed evacuated vycor tube and

watér quenched with the tube being broken during quenching. The
results will be compared with previously presented results on
annealed microstructuresS. The annealed microstructures to be

used are recrystallize anneal (RA), B anneal and o-R anneal. The
details for these annealing procedures were presented in the

section on tensile testing. The specimens for this test are thin
walled tubes with an outside diameter of .635 cm (.25 in.) and an
inside diameter of .538 cm (.212 in.). The thin wall is necessary
in a torsion test to obtain a section with as uniform a strain

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

Stress strein diagrams for each of the treatments are
shown in figures 4 to 7. In addition the detailed measurements
at each loal are presented in Appendix A. The initial stressing
was done in increments of 3.2x107 N/M2 (4747 psi) until transient
creep was observed; then the stress was increazsed in increments
of 8.18x107 (11868 psi). Thus the elastic limit, defined as
the maximum stress where no transient creep is observed, is
only known to within tg.2x107 N/MZ fg747 psi ). The results
from the decermination 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 highest elastic limit; whereas, the B>annea1ed
alloy which has demonstrated the shortest fatigue lives has the
lowest elastic limit, This correlation between elastic 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 B annealed alloy has the highest yield po:nt but the lowest
elastic limit. After the elastic limit is surpassed, the B
annealed alloy has the smallest amount of transient creep. The
results of creep versus time in figure § at 4.9x108 N/M?2 (71.211 KSI1)
most clearly demonstrate that the smallest creep strain occurs
in the B annealed alloy., The alloy solution ticated at 900°C had
the next lowest creep rates, and the recrystai.lized anneal alloy

had the highest creep rate.
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Summary and Conclusions

The above sections provided a summary of some mechanical
properties of the alloy Ti-6A?-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 fatigue properties relative to the annealed microstruc-
tures. For the other tests that were conducted, the solution
treated alloy had properties comparable té the annealed micro-
structures, but in all of the tests, the properties of the solu-
tion treated alloy could be rated as good in relation to some
of the anneal treatments. For example, in the tensile test,
the sclution treated alloy had both a high yield and ultimate
strength and high ductility, whereas, the o-B annealed and re-
crystallized anneal alloys had low yield and ultimate strength
but high ductility. Conversely, the B8 annealed alloy had a
high yield strength, but a very low ductility. Also, the éolution
treated alloy had the highest elastic 1limit and it demonstrated
an intermediate amount of creep. Only the 8 annealed alloy had
less creep strain; however, the B annealed alloy also had the
lowest elastic limit. Thus, for an application which is fatigue
sensitive, solution treating the alloy might provide a desirable
combination of properties. However, other properties such as
stress corrosion resistance, crack propagation, and fracture tough-

ness have yet to be determined.

In another paper we have discussed the microstructural changes
that cause the improved fatigue properties in solution treated

alloys.

P
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Table 1

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

AL E 0 H G N Fe

6.4 4.0 141 55 ppm .01 .014 .18

B Transus 980°C (1805°F)




A-12

Table 2

FATIGUE LIVES OF HEAT TREATED Ti-6Al1-4V
ALLOYS CYCLED AT A SHEAR STRAIN OF +0.02
PLUS AN AXIAL STRESS OF 2.12 X 107 N/M2

HEAT STANDARD
TREATMENT+ MEAN#* MINIMUM DEV FATION
o-8 ANNEAL 944 429 443
843°C (1550°F)ST
+ WQ 2497 1837 717
900°C(1650°F)ST
+WQ 9616 8917 758
1065°C(1950°F)ST
+WQ 2396 1633 487
900°C (1650°F) ST
+WQ+760°C (1400°F) 852 745 122
; 1 hr,
*Results based upon four specimens for each heat treatment.
; T ST-solution treatment for 10 minutes
J. WQ - Water Quench
. a-B Anneal - 800°C (1472°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 TREATED
Ti-6A%2-4V ALLOYS CYCLED AT A
SHEAR STRAIN OF *0.02 AT 500°F

STANDARD
HEAT TREATMENT MEAN MINIMUM DEVIATION
a-8 ANNEAL 1987 1557 894
900°C (1650°F)ST 4818 4090 634
+ WO
TABLE 4
CHEMICAL COMPOSITION OF Ti-5A2-4V
ALLOY USED FOR TENSILE TESTS IN
WEIGHT PERCENT
Al v 0 Fe N c H
6.3 4.2 .188 .17 .010 .02 6 7ppM

Ral MR S N i
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TABLE 5

TENSILE TEST RESULTS FOR Ti-6A%-4V

THERMAL YIELD ULTIMATE YOUNG'S PERCENTAGE PERCENTAGE
TREATMENT STRENGTH STRENGTH MODULUS REDUCTION ELONGATION
. IN AREA
108 N/m2 108 N/m2 lOllN/m2
(ksi) (ksi) (10 psi)
S.T.-10 min. 9.99 Bl 59 1.20 39.8 26,0
900°C
+ W.0. (144.9) (168.1) (1.74)
S.T.-15 min. 9.96 11.56 ) 1. 40.6 27.0
900°C
+ W.Q. (144.5) (167.7) (1.62)
a-B Anneal 8.99 9.90 1.03 41.0 30
(130.46) (143.6) (X.30)
RA 8.65 9.69 1.24 34.4 24.9
(125.4) (140.6) (1.80)
B-Anneal 10.38 10.78 1.25 9.08 4.5
(150.6) (156.5) (1.82)
iy RIS S PR et vt . ke N R S
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TREATMENT

RA

aBA

BA

900°C S.T.
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TABLE 6

CHEMICAL COMPOSITION OF Ti-6AL-4V

<113 .08

THIN WALLED TUBE

0 Fe N &

.01 <02

TABLE 7

ELASTIC LIMITS OF Ti-6A%-4V ALLOYS
DETERMINED FROM STATIC CREEP EXPERIMENTS

+ W.Q.

ELASTIC
LIMIT

N/MZ (psi)
12.8x107 (18,990)

12.8x107 (18,990)

9.6x107 (14,242)

15.0x197 (23,737)

.

69 ppM
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ALTERNATING SHEAR STRAIN

Quenched from 900°C {1650°F)
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Figure 1.
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Figure 2.

T T T 1 1
10* 10 10* 10° 107
CYCLES TO FAILURE

Cycles to failure as a function of the applied
alternating shear strain for specimens a-B annealed
and solution treated at 900°C and water quenched

Tensile test specimens showing reduction in area
and elongation for the following heat treatments
from top to bottom: g anneal, 900°C solution
treatment plus water quench, a-f anneal, recrys-
tallize anneal.
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MIRROR
SURFACES

SPECIMEN
PULLEY

1 METER
RADIUS
CALIBRATED SCALE

WEIGHT
LASER BEAM

Scrematic 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 grip is fixed. 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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STRAIN x 10"

Torsional strain as a function of applied shear stress for
a-B annealed Ti-6A%-4V. The strain steps are the accumulation
of creep strain at a constant sustained shear stress.
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Figure 5.

Figure 6.
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SHEAR STRESS IN 10°psi. (69 x 10’ n'M?)

1 45
24
STRAIN x 10*

o
-
2
a-«
8-
]

Torsional shear strain as a function of applied
shear stress for recrystallized anneal Ti-6A%-4V.

SHEAR STRESS IN 10%psi (.69 x 10’ n/M?)
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o ] 1" 2 2 © “
STRAIN x 10°

Torsional shear strain as a function of applied
shear stress for B annealed Ti-6AR-4V,
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SHEAR STRAIN x 10°
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84
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sional shear strain as a function of applied
ar stress for Ti-6A%-4V solution treated at
°C and water quenched.

RECRYSTALLIZATION ANNEALED

a-f ANNEALED

B-ANNEALED

10

L_.‘ﬁ_*—““- T T T
Ixt0* o x 10 9 x10* 12 x 10* lll“ﬂ‘ 1':10‘
TIME IN SECONDS

SHEAR STRAIN VS. TIME AT 4910 x 10° N/m?
(Tst FORWARD LOADING,

Shear strain as abfunciion of time at a shear
stress of 4.91x10° N/M

for the heat treatments

shown. This is for initial unidirectional loading.
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APPENDIX A
SHEAR STRAIN AS A

FUNCTION OF STRESS AND TIME

e

A.1 3 ANNEALED ALLOY

T ans SHEAR f’gRBss‘ SHEAR S’;‘RI\IN , e !
SECONDS xégi il |
- 4.747 0.655 No Creep
- 9.495 3.323 No Creep
0 14.242 2.051
4650 " "
76650 " _ "
0 - 2.400
72000 " 4 "
0 18.9896 2.771
4090 " «
68680 “ 2.792
0 23,737 3.447 i
19720 " 3.469
32600 " "
87240 " 3.490 i
0 35.606 5.170
3330 " 5.192
12850 " 5.214
24240 " 5.279
0 47.474 6.937
. 200 " 6.981
| 30860 " 7.090
e 83890 " "
0 59.343 8.988 e
1750 " 9.097
2600 " "
78360 " 9.381 )
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A.1 Continued
TIME SHEAR ?'gRESS SHEAR S'I}.‘RAIN | REMARKS
SECONDS x10 x10
psi
0 TL 210 11.06
100 " 12.369
2010 = 13.722
7400 2 14.616
18600 . 15, 50)
23960 ! 15,772
31480 : - 16.012
46140 : 16.427
87220 > 17.147
97610 ¥ 17 .256
107460 = 17.408
125160 | * 17.670
175000 E i LB L07
59.343 16.42;
47.474 14.682 5 “{
35.606 13.002
23,737 L1257 5
l 14.242 o795
i 4.747 - e AT
0 0 W w657 %
6640 4 7.635 Creep recovery
16630 . & i
88030 = 7.613 b:
after 22 hrs = 7.613
- “-hb,_, « BN € . -
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A2 a=f  ANNEALED ALLOY

TIME SHEAR f'gRESS SHEAR S'gRI\IN REMARKS
SECONDS x10 %10
=5l i s atte oM TR,
4.747 o O EE No Creep
9.945 1.33 No Creep
14.242 2.116 No Creep
0 18.990 2.836
13260 . 2.880
24720 . 2.945
78720 s 2.945
0 21.363 3.250 ]
5300 u 3.272
17030 g 3.294
29618 . =
85838 " i
0 35.606 5.300
6320 4 5.497
20540 ! 5. 919
57610 ! "
iy 0 47.474 7.024
it 3120 Y 7.264
17970 1t o830
28210 . 7s392
86710 s 7.374
0 59.343 9.100
11530 = 9.250
19710 " s
1 23270 % 9.272
& 108770 i 9.293
0 i R 11l .191
1740 s 12.631
2940 2 13.045
24240 ! 17,081
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A.2 Continued
‘i TIME SHEAR f'gRESS SHEAR S'gRAIN REMARKS
i SECONDS x10 x10
psi |
63500 73.211
93450 b 26.505
134780 5 29.363
153300 y’ 30,563
163530 = 3L ES2
-
59.343 29.385
b
47.474 21 <574
35.606 25. 785
23.737 23.866
14.242 22.382
' 4.745 20.790
. 0 19.961
-
N
i
\
[
f
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A.3

RECRYSTALLIZATION ANNEALED ALLOY

L IS O S TR P O W & = b
TIME SHEAR ?gRESS SHEAR ?TRAIN REMARKS
SECONDS %10 x10
3 ps1 frn b I e i s et
- 4.7474 3 0.676 No Creep
- 9.4948 1309 No Creep
= 14.2422 2.094 No Creep
0 18.9896 2.7 71
19620 AL 2.901
59300 i -
0 237370 2.600
6690 5 3.665
27400 B 3.709
85850 " 3.730
35.606 5.476
4060 " 5585
8100 a! 5.607
19320 i 5.628
83500 - "
47.474 7.374
320 " 7.461
34730 " Ta6L3
73180 " 71.635
59.343 9.468
3500 i 9.708
41280 i 9926
80000 . Ao
89160 by 10013
71211 11.955
100 u 12.784
2000 " _15.096 |
5100 17016
8460 % LT w339
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A.3 Continued
e L Aiaey
TIME SHEAR STRESS SHEAR STRAIN REMARKS
SECONDS x107> x10°
psi
13530 7Y 211 20.724
18540 i -’55.470
20630 kg 23.080
3272 . 26.091
37300 B 27051
77970 it 32.548
87690 % 33.486
109560 ) 35.188
112260 o 35.449
164710 Y 38 . 331
183520 i 39 . 223
189260 ¥ 39.442
592343 37.805
47.474 35.908
35.606 34.053
2S5 SRR
18.990 32001
14.242 30,716
9.495 29.952
4.747 29.%123
T 0 28.272
Af£er 24 hrs r " 28.:185 J- Creep Recovery
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SOLUTION TREATED AT 900°C

FOR 10 MIN + WATER QUENCH

(1650°F)

TIME SHEAR ??RESS SHEAR ?TRAIN REMARKS
SECONDS x10 x10
psi
4.747 0633 No Creep
9.495 1L.396 No Creep
14.242 2.203 No Creep
B0 3.054 No Creep
0 232737 3.905
13360 i .
28082 Z 3.927
79415 " »
93626 L 3.949
106040 " e
176040 & -
0 ™
0 28.484 4.647
3965 L "
89570 S 4.712
138168 e g
158120 . i
0 35.606 5.890
1030 " 5912
2503 o 5,955
4293 5 5 Sl
6448 " "
19450 5 5.999
71039 - 6.043
135600 ¥ 6.065
2600 - e
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A.4 Continued

TIME SHEAR STRESS | SHEAR STRAIN
SECONDS x10”3 x10° RENARES
psi
0 47.474 8.028
960 " 8.115
1930 " 8.137
5990 " 8.202
16300 " 8.224
20630 " "
40390 " "
83720 " 8.246
160990 " "
0 59.343 10.100
50 g 10.602
160 " 10.624
1320 " 10.798
2290 " 10.864
5570 " 11.038
10010 " 11.060
13990 " 11.104
18020 " 11.169
33750 w 1717
29720 " 11.257
76790 " 11.409
80940 " "
106160 " 11.518
153950 " 11.606
236520 " "
- e - B PR
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A. 4 Continued
TIME SHEAR STRESS | SHEAR STRAIN
SECONDS x10”3 x10° REMARES
psi
0 1211 13.500
50 " 15.576
120 15.969
220 " 16.361
390 " 16.798
630 " 17.234
1000 " 17.670
1200 " 17.867
1400 " 17.997
1500 " 18.085
1600 " 18.172
1800 " 18.303
1950 " 18.390
2200 " 18.499
2515 " 18.674
2840 " 18.826
3000 " 18.914
3380 " 19.154
6000 " 19.874
7230 " 20.201
9490 “ 20.615
11570 0 20.877
13830 " 21.139
88780 " 24.302
101500 i 24.673
169970 " 25.545
226450 b 26.243
237200 " "
247940 " 26.309
ol R P e v TR
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A.4 Continued
TIME SHEAR STRESS SHEAR STRAIN
SECONDS x10”3 x10° BEMGRRES
psi

253750 71.211 26.374
3125740 " 26.745
334760 " 26.898
398370 G 27.203
423780 i 27.291
488700 & 27.531
501730 ik 27.618
562300 - 27.836
591050 i 27.901
655330 " 28.181
711340 B 28.338
779060 & 28.512
832140 R 28.772
903450 o 28.839
988920 4 29.014
1077460 N 29.145
1414930 i 29.668
1497230 iy 29.799
1573940 £ 29.843
1632000 2 29.952
1858270 b 30.192
1944670 ; 30. 304
2042560 " 30.345
2123750 " 30.497
2205170 . 30.541
2322770 by 30.694
2471000 b 30.846
2559460 i i
2646840 - 30.977
2749360 " h
2816440 o 4
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A.4 Continued UNLOAD
TIME SHEAR STRESS SHEAR STRAIN
SECONDS x107° x10° 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 2SR
0 4.747 19.263
0 0 18.325
After 67 hrs 0 18.107 Creep Recovery
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MICROSTRUCTURE OF SOLUTION TREATED
AND QUENCHED Ti-6Af-4V

ABSTRACT

The microstructure of solution treated and quenched

Ti-6A%-4V is reported with particular emphasis on the
solution temperature of 900°C (1650°F). 71he alloy solution
treated at 900°C was found to have a matrix of retained B mixed
with marteasite (o' or a"), within the matrix was primary a.
Cyclic d:formation of this alloy resulted in a transformation
of the retained B to martensite (a' or a"). We propose that
it is the strain induced transformation of retained g to
martensite that is producing the improved fatigue life

i of this allo’. The microstructure of the alloy solution

treated at 1065°C (1950°F) was totally martensite (a'), thus

-l

no retailed B is present to transform upon cycling. The
; analysis of the alloy solution treated at 843°C (1550°F)
is incomplete, but microstructural and mic-ochemical analysis
indicates that this alloy is composed of @ B phase that is
vanadium rici and primary a. The B phase is apparently
N stable vlien subject to cyclic deformation because of the
high var.adium content. Lattice parameters and microchemis-

tries of some of the phases are reported.

-
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INTRODUCT I ON

[n previous work we have observed that the fatigue life
of Ti-6A¢-4V alloys is considerably increcased by solution
treatments of about 900° C. (1650° F.) followed by a water
quench{ Annealed microstructurces were observed to have an
order of magnitude less fatigue life and solution tempera-
tures of 55° C. higher of lower than 900° C. were shown to
result in fatigue lives that arc only one quarter of those
solution treated at 900° C, this is shown in Table 1.

To understand why the solution treatment at 900° C.
produced an increased fatigue life a detailed understanding
of the Ti-6A¢-4V solution treated microstructure is necessary.
In the experiments on fatigue life the results from the
solution treated specimens werc compared with results from
specimens given an anneal in the a + B region; a similar
comparison of microstructures will be made.

It is well accepted that the microstructure shown in
figure 1, of the Ti-6A2-4V alloy annealed in the a + B phase
field has a matrix of hexagonal closc packed (a) with the
body centered cubic (B) forming in the grain boundaries.

The microstructure of the solution treated Ti-6A%-4V is not

as well established although there has been some work directed
at determining these microstructures. Williams and Black-
burnz studied the phases present after quenching a Ti-6A%-4V

alloy from various solution temperatures. No quantitative

" . -, " - & ey = . — o o e i e -
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analysis was given for the phases present, but a qualitative
analysis 15 presented. Williams and Blackburn defined the

following phase fields for the following solution temperatures:

3000% €. (1832° F.) to 1200° €. (1922* F.) - ="' » B,
G30=Ne - (1706° B0 ter B000S €. (1832° F.) - a' # @,

900% €. (16%2° F.) to 938% €. (1706% F.) - &" + & # B + q.
860° €. (15.0% E.] to 900% €. (1652° F.) - o' # .

§30° €. (526" E.) to 860° C. (I580% E.) - o # B * .

RT to 8%0° C. (1526° F.) - a + B,

In this presentation a' is the hexagonal maitensite, and o' is
the orthorhomhic martensite, the results of Williams and Black-
burn here listed have been revised to the present convention
and known structures. Fopiano, Bever and Averhach3 have
studied t. e phases present in solution treated Ti-6A2-4V with
x-ray diffraction. The phases they observed are listed with

the solution temperatures:

1000° C. (183'° F.) - o' (Martensite)

950° C. (1742° F.) - a' # a (Primary Alpha)
o0 0. OGS R s el ey

850 G. (k562" F.) - o' o

800% € (E4FZ5"F. ) = a’ # o

These results are obviously quite different from those of
Williams and 3lackburn where retained g was found at nearly
every temperature except for 860° C. to 900° C. However,

Williams and Blackburn do not report the quantity of B so
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we

don'¢ know the Magnitude of the difforonros Involved here.
Earlje

using X-ray

Ly « ang o Martensijte for a solu-
tion temperatyre of 871° ¢ (1600° | ) Thus 417 of the authors
dppear to dgree that In the Solutiop temperdture Tange 860°
(1580° F ) to 90p C. (1652°

ver1fy1ng the Phases Present apg
l' quantifying their amounts, Structure and Composition This
Will be g4 report on Our progress to date ¢op this work In
addition we wil] Study the

aCtion,
probe dnalysijg,

and micro -

Interest Will pe to Characterize
the alloy Solution treated at

00° (. (165¢° F.) for this e
the Ssolutiop temperature for which we have observeq particularly
i large fatigue lives,
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EXPERIMENTAL PROCEDURE

The material for this study was nominally Ti-6Af-4V,

1.25 inch extruded rod of the composition i1 weight percent:
AL vV 0 Fe N 6 H
6.3 4.2 .188 «17 010 - 02 67 ppm

The alloy was mill annealed, after extrusion, for 2 hours at

1300° F. The nominal tensile properties of the as received

rod are:
Ultimate tensile strength - 147-157 ksi
Yield strength = 134-138 ksi
Elonvsation = 15 percent
Reduction in area = 32-39%
Rockwell "C'" hardness =152 Lor 35

The annealed specimens were all heatel in a vacuum of

5

better than 1) ° torr for the prescribed annealing procedure.

In this werk only one annealing procedure will be reported:

Recrystaliize Anneal

928% €. (1702° F.) for four hours, furnace cool (FC) to
7605 C. CLAUGS B at 180° Go/fHr. ¢ EC te 482° Ci (900 F.} at
372° C./Hr.; air cool to room temperature.

The annecaled microstructure is compared with solution
treated #au quenched microstructures. The specimens were

solution treated in a vertical air furnace for 10 minutes and




then the specimens were dropped into a water bath, The specimen
temperaturc was measured with a thermocouple in the furnace that
contacted the specimen.

For electron microscopy, thin scctions of metal were cut
with a spark cutter. The metal scctions were further thinned by
electropolishing in a solution of 62.5% methanol, 31% butanol
and 6.5% perchloric acid (70% strength) at 13.9 volts and -40° C.

RESULTS AND DISCUSSION

The microstructure of the alloy solution treated for 10
minutes at 900° C. (1650° F.) will be discussed first because
this solution temperature is of primary interest, then the re-
sults of other solution temperatures will be compared to the
900° C. (1650° F.) results. The transmission electron micro-
graph in Figure 2 shows particles (islands) of primary o in
a matrix that is a mixture of retained g and martensite, Figure 2
contains the electron diffraction pattern identifying the phases
as o' (hexagonal close packed), and g (body centered cubic). The
lattice parameters of the o' and g are presented in Table 2. The
lattice parameter data is necessary for phase idertification.
The martensite is indexed on a hexagonal Bravias lattice (a');
however, it is possible that the martensite is orthorhombic (a').
To the present time we have been unable to unambiguously charac-
terize the martensite because of the similarity of the o' and q".
The orthorhombic Bravias lattice is obtained by a distorsion
of the hexagonal cell such that the 6 fold symmetry of the

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

R T T T T e e
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cell must be utilized rather than the a axis >f the hexagonal.
The distorsion is difficult to detect unless it is large, but

it only requires a small distorsion to cause the structure to
have an orthorhombic Bravias lattice, thus making unambiguous
identificat lon difficult. In the transmission electron micro-
graph of Figure 2 it is obvious that some acscular martensite

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

tion pattern just from an acicular martensite grain because of

its small size. Some diffraction spots from the acicular martensite

have been (bserved mixed with those of the £ phase, and the
dark field image in Figure 3 is an indication of the morphology
of the acicular martensite. The observation that the matrix is
primarily retained B in the alloy solution treated at 900° C.
and water quenched is at variance with the results of both
Williams et al. and Fopiano et al., they observed o and mar-

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

a small am~unt of B. The explanation of this difference is

not clear, but we are quite certain of our cunclusion; to support

our conclusion subsequent deformation of the ailoy produces

a martensitic “ransformation as will be discussed next. Only

? the metastahle retained B could transform to martensite.

The m'crochemistry of the alloy solution treated at 900° C.

b (1650° F.) is given in Table 3. Our results are compared with
the results presented by Fopiano et al. for ¢ solution temper-
ature of 900° C. The data of Fopiano et al. is not an exper-
imental result, but rather itis based upon an analysis of

previous phase diagram work. The results for vanadium are in

C 8 m————— e — -
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good agreement with our experiments, but the results for alu-
minum are in disagreement. In this work the a phase was found
to be lower in AR than predicted by Fopiano's analysis.

Our interest in studying the Ti-6A2-4V alloy in the 900° C.
solution treated condition is thc obscrvation of an improved
fatigue 1ife for this treatment. To understand the reason for
the improved fatigue life we are studying the microstructure
of this alloy before and after cyclic loading. A specimen of

this alloy was subjected to cyclic deformation of o =+ 5.4
ALT

% 10° N/M° (78 ksi) with B = - 0.3 for 1 % 10° cycles. Note
in Figure 4 the increase in the percentage of martensite needles
after the cyclic deformation in comparison to Figure 2, IE
appears that the cyclic deformation is inducing a 8 to martensite
transformation. Further work is necessary to confirm the charac-
ter of the transformation, but the initial transmission electron
micrographs indicate that this is a martensite transformation.
The analysis of the alloy solution treated at 1066° C.
(1950° F.) was quite simple. The structure was a a' marten-
site shown in Figure 5 with the lattice parameter shown in
Table 2 obtained from the diffraction pattern. No microchemical
analysis was performed on this alloy because it should all be
of uniform composition. It is possible that small amounts of re-
tained B could exist in this alloy, but none were detected.
The analysis of the alloy solution treated at 843° C.
(1550° F.) is not yet complete; however, initial work indicates
that the microstructure shown in Figure 6 is composed of primary

alpha and retained B. These results are again at variance with
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Fopiano et al.; however, Williams and Blackbturn indicate that
between 830°C. and 860° C. there is a mixtur= of a' + B + a;
and that below 830° C. there is primary « and retained g. Our
results are basically in agreement with Williams and Blackburn
because we (bserve primary a and B, it is possible that there
1s a small amount of a' in addition that we have not been able

to detect.




CONCLUSIONS

Our microstructure analysis is not as yet conplete, but
still the present results provide an indication of the mechanism
that is resulting in the improved fatigue lives for the specimens
solution treated at 900° C. (1650° F.) and water quenched. The
matrix of this alloy as quenched is mostly retaincd B with some
acicular martensite. After cyclic loading it is observed that
a large fraction of th. retained B in the matrix has transformed
to acicular martensite. The structure of the martensite formed

during quenching and during cycling of the 900° C. solution

-

treated alloy have not been determined, but there are indications
‘, that both are orthorhombics. [t appears that the cyclic defor-
mation is producing the martensitic transformation rather than
~ fatigue damage. We propose that this might be a contributing
. factor to the increased fatigue life of this alloy, martensite

is formed rather than fatigue damage.

Ew The reason that this same mechanism does not work in the
{‘ alloys given the other treatments is explained by our micro-
L; ; structural analysis. The alloy solution treated at 1066° C.
;f - (1950 F.) is fully transformed to martensite (a'), thus in
: ~ this alloy there is no significant amount of retained B to

d
:’- transform.

The alloy solution treated at 843° C. (1550° F.) does

’ " not have as large a fatigue life as that solution treated at
b

1
P, — ol ,
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900° C. (1650° F.) because the £ phase is richer in vanadium
at the lowe- solution temperature, this is shown in Table 3.
where at ¢00° C. our results and those of Fopiano et al.?
agree thai there is about 6.6% vanadium in the B phase, but
at the lower temperature of 850° C. the B phase has about 9%
vanadium. The increased vanadium concentrition tends to
stabilize the B phase so that the 8 to martensite transforma-
tion has le:s probability of occurring. In the case of the
recrystallize anneal alloy the B phase is stabilized during
the slow ccoling so that the 8 phase becomes rich in vanadium.
There is one possible explanation for the improved fatigue
life that we have not separated from the e:planation that
is proposed al.ove. That is that it is the presence of the
finely disp:rsed martensite (probably orthorhombic a'") shown
in Figure 7 that is resulting in the improved fatigue life.
Since the 8 in this microstructure also transforms to marten-
site during the cyclic deformation we have not been able to

determine the relative effect of the trans.iormation and the

microstructure in which it occurs.
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Table 1

FATIGUE LIVES OF HEAT TREATED Ti-6Ag-4V
ALLOYS CYCLED AT A SHEAR STRAIN OF +U.Og
PLUS AN AXTAL STRESS OF 2.12 X 107 N/M?

HEAT STANDARD
TREATMENT* MEAN*#* MINIMUM DEVIATION
a-B ANNE..I 944 429 443

843°C (1550°F)ST
+ WQ 2497 1837 TL7

900°C (1650°F)ST
+ WQ 9616 8917 758

1065°C (1950°F)ST
+ WQ 2396 16335 487

% ST-s~lution treatment for 10 minutes
WQ-Warer Quenched

** Results based upon four specimens for each heat treatment.

o-8 Anneal - 800°C (1472°F) for 3 hours, turnace cool to 600°C
(1112°F) Air cool to room temperature.
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§ Table 2. Lattice Parameters of Ti-6A%-4V Phases
Heat 'l‘reatmenr1 Phase LLattice Parameters Technique
in A®°
R. A. o a = 2.924 c = 4.671 X-R-D
R, A o a = 2.925 c = 4,670 E-D
1066 C. - ST + WQ at a=2.921 c = 4,663 X-R-D
1066 C. - ST + WQ o' a=2.925 ¢ = 4,634 E-D
900 C. - ST + WQ o a=2.942 ¢ = 4,738 E-D
900 C. - ST + WO al a=2.931 ¢ = 4.696 E-D
900 C. - ST + WQ 8 a = 3,289

1. R. A. : Recrystallize Anneal
ST: Solution treated for 10 min.
WQ: Water quench

2. X-R=Dy .X-ray ditfraction

E-D: Electron diffraction
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Solution Phases Phasz
Temperature Observed Composit con
AL V. Wt %
a 749 = .1 2.51 & .12
(1650 % F. a' + B o . 6.66 = .65
o 9 AN
a' . 2.5
o 8 25
o' 2 3
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Figure 1

o=[0T11]a'-Ti
x=[110]g-Ti

Figure 2 TEM

%
3

K E
o
i'.‘
ity
4,
g.
£,
o
(m -
.ﬂ.




Figure
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Figure 4

A dark field image taken from one of the
reflections in Figure 2, this shows the
of the martensite.

TEM from the same alloy shown in Figure

1 o : ~ -y
10° fatigue cycles of OALT © 8 ksi with
in tension. :
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martensite
morphology
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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 were made on
Ti-6A%-4V that had been subject to cyclic fatigue loading.
The measurements showed that the internal friction increased
as the fatigue damage was increased. Also fatigue damage
caused a decrease in the ultrasonic strain wave amplitude
where the internal friction becomes strongly amplitude
dependent, ie where the ultrasonic wave began to fatigue the
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 FATIGUE DAMAGE WITH
ULTRASONIC INTERNAL FRICTION
MEASUREMENTS

INTRODUCTION

There have been some past attempts at studying fatigue
damage with measurements of internal friction. One commonly
employed 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 example Joshi and Groen1 used a pulse-echo
method to study fatigue in aluminum and steel. 1In both cases
they found that the ultrasonic attenuation was nearly con-
stant during fatigue testing until about 70% (steel) to
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 technique was utilized by Bratina and M11152

to study fatigue damage in 4340 steel, but the results are

quite different. Bratina and Mills observec that in slow
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cycling (1 Hz) of 4340 steel the internal friction continually
decreased with cyclic straining, this they attributed to
strain aging. Bratina and Mills correlated their results
with dislocation behaviour but no correlation was made with
microscopic fatique damage. Thus the results of Joshi and
Green are quite different than the results of Bratina and
Mills. There also has been interest in using the exponential
decay of a pulse to determine the internal friction. Several
Soviet pul-lications deal with this technique; for example
Shevelys and Otblesk3 used the decay of oscillations to de-
termine the internal friction in copper and steel during
fatigue. In copper they found that the internal friction
first increased with cycling, they attribute this to an
initial inc:iease in dislocation density and length. Then they
observed -hat the internal friction reached a peak at about
102 of the life and began to decrease. They attribute the
decrease in internal friction to a shortening of the dislo-
cation loops due to pinning by point defects. The internal
friction continued to decrease until a minimum value was ob-
served at tire time of crack initiation. After crack initia-
tion the .nternal friction increased rapidly until failure

occurred. The response from steel was somewhat different;

several maximums and minimums were observad in the internal fric-

tion as the fatigue damage increased, als:c in copper high ampli-

tudes of stress produced smaller changes ‘n internal friction than

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

duced larjer changes in the magnitude of internal friction.
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Again, no correlation was made between these measurements
of internal friction and the microstructural changes. This
technique does appear to be sensitive to microstructural
changes before and after crack initiation, and thus has an

advantage over the ultrasonic method at megahertz frequencies.
Mason4 has developed a technique for studying the

internal friction of metals using ultrasonic waves of kilo-

hertz frequency. The unique feature of this technique is

that the ultrasonic wave amplitude can be varied so that

ultrasonic waves of longitudinal strain amplitude

from 10_6 in/in to 10—2

in/in can be produced in the specimen.
Since the internal friction can be amplitude dependent this
variable amplitude adds considerable versatility to this
technique. It is possible to increase the strain wave ampli-
tude to where the ultrasonic waves begin to fatigue the
specimen. When the specimen begins to fatigue the internal
friction begins to increase sharply. Mason and MacDonald5
used this technique to fatigue a specimen of Ti-6AL-4V at
ultrasonic frequency. After fatiguing the specimen at
ultrasonic frequency they observed that upon retesting the
specimen, the sharp increase in internal friction that indi-
cates fatigue occurred at an ultrasonic strain wave amplitude
nearly an order of magnitude smaller than before fatique.
Also they observed that the base line value of the internal
friction had increased nearly an order of magnitude after

the ultrasonic fatigue. Mason and W00d6 have correlated the
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changes in microstructure with the observel changes in
internal friction for metals like copper and iron. They
found that the formation of persistent slip bands corresponded
with the sharp increase in internal friction. However, the
fatigue 3damage due to ultrasonic kilocycles was much differ-
ent than that of low frequency testing. They observed at
the high frequencies only a few very narrow isolated slip
bands had formed, where as, at low frequency the persistent
slip bands would spread throughout the specimen. Despite
there being only a few isolated spots of fatigue damage
there were verv large changes in the internal friction.
Thus it apnears that the energy absorbed out of the ultra-
sonic strain wave 1is selectively absorbed at these localized
persistent slip bands, unless some unobserved change is
occurring ir the bulk of the specimen. Because of the
apparent selectivity of this ultrasonic technique for absorb-
ing enercy at fatigue damaged areas it might be possible to
use this ultrasonic internal friction technique to study the
accumulation of fatigue damage that occurs at more conventional
frequencies. 1In this research we will use the techniques

developed by Mason to study specimens that have been subjected

to fatigu» damage.
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EXPERIMENTAIL PROCEDURE
The system used for the measurement of the internal
friction is shown in Figure 1, [t consists of a PZT 4
ceramic driver cemented to a mechanical transformer with
epoxy resin which can withstand large strains. The mecha-
nical transformer has diameters of 1.75 in.and 0.35 in.

resulting in a diameter ratio of 5 to 1; this results in
a displacement ratio of 25 to 1.
It has been shown that ‘he internal friction (Q_l), and

the longitudinal strain applied to the specimen ( both

Sll)’
can be determined by measuring the voltage applied (Va) to
the transducer, the pickup voltage (Vpu) from electrodes
mounted at the center of the transducer and the resonant
frequency of the system. Calibration of this system has
shown that the longitudinal strain is given by the following
equation:

5 4

By = ¢rrL 65%LG ) Vpu = 1.155%10 Vpu £}

and the internal friction (Q—l) is given by:

Va
(V_ = 05168) £Z)
pu

=1

o~ = 1.326%10"°

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, the dimensions shown in
Figure 2 resulted in the proper resonant frequency for the

Ti-6A%-4V used in this experiment. The actual chemical
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composition for this alloy was in wt. percent:
Al v (¢} Fe N o H
6.3 4, 2 .188 L7 .010 22 6 7ppM
The mill annealed material for these specimens was machined
on a latne 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
than 10—5 tcrr at 500°C for four (4) hours and furnace
cooled. They were then polished to the final dimensions
with a (.1 micron surface.

The specimen is tuned to the resonant frequency by
polishing in down to the proper dimension, a typical specimen
and dimensions is shown in Figure 2. The tuning is controlled
by the equation:
yik Z 15

mr L= 22" (3)
] 1 01
Where w is the resonant frequency, ll is the specimen length,
vy is the velocity of sound, Z01 and 202 are the impedance

[ of the large and small sections of the specimen. The ratio
of the impecances 202/2Ol can be taken as the ratio of the

¥ masses o©F the large and small sections for this calculation.
The specimen must be closely tuned to the resonant frequency
otherwisz the output from the oscillator decreases sharply,
this is demonstrated in Figure 3 where the resonant frequency
of the system with a specimen attached is plotted as a func-
tion of the output voltage (Vpu). The resonant frequency

of the sy:stem alone is about 17650 Hz, as can be seen from
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Figure 3 when the resonant frequency of system with a spe-
cimen attached approaches the resonant frequency of the driver
alone the maximum output is observed. In this experiment the
resonant frequency of a specimen could be changed by changing
Z02 in equation 3, this is done by polishing off some material

thereby reducing Z thus changing w to satisfy equation 3.

02
After the specimen is tuned and polished the internal
friction is determined as a function of the ultrasonic
strain wave amplitude, a typical result for the initial
unfatiqgued material is shown in Figure 4. The internal
friction is observed to be relatively independent of the
ultrasonic strain wave amplitude until the wave produces
strains of 4 x 10"4 then the internal friction becomes strong-
ly amplitude dependent. It has been observed that the ampli-
tude dependent section corresponds to movement of dislocations
and that the specimen fatigues if the ultrasonic strain wave
amplitude is further increased. TIn 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 strains that would produce additional fatique.
The specimen shown in Figure 2 was then subjected to
fully reversed fatigue straining (R=-1) for a fraction of
the expected fatique life. The internal friction was then
again 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

terminated and more cycles were applied and the internal
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friction redetermined. The results of such a sequence of
tests are shown in Figure 4.

The fatigue cycling was performed at room temperature
at a frequency of 0.2 Hz. The specimen shown in figure 2
was clamped in a special fixture designed to accommodate
the large ends of the specimen. The fatigue machine produces
a cyclic angular displacement which for the strains listed
in figure 4 were 2.4° (0.009) and 3.19° (0.012). The strains
were calculated by assuming that the strain in the specimen
was localized over the straight portion of gage length of
0.426 (.t76 - .250) in. There is of course some error in
this assimption for some strain will occur in the curved
portion of the specimen, but this refined calculation did

not seem necessary for this presentation.
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RESULTS AND DISCUSSION

In the results shown in Figure 4 the tests were started
at a shear strain amplitude of 1'10.009, after initiating the test
it became apparent that it would require too much time to

complete the test thus this amplitude was terminated after

1400 cycles. The shear strain amplitude was increased to
*0.012 and after 800 cycles of +t0.012 shear strain the inter-
nal friction was again determined. 1In Figure 4 it can be

seen that this fatigue loading resulted in an increase in
internal friction, also the internal friction became strongly
amplitude dependent at a smaller strain (3 x 10—4). The
specimen was then fatigued for four hundred additional cycles.
The internal friction was again determined as a function of
strain amplitude, this data is also shown in Figure 4. Again
the internal friction increased; however, no subsequent

change was observed in the strain (Sll) where amplitude depend-
ent internal friction was observed. Relative to the unstrained
state, a 60% increase in internal friction was observed after
the 1200 cycles at *0.012. The specimen was again fatigued,
but failure occurred after 1749 cycles and no measure of inter-

nal friction was made before the final fracture.
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CONCLUSIONS

The tLests shown in Figure 4 indicate that the value of

the internal friction (Q ) is sensitive to fatigue cycling.

Of particular interest is that the internal friction appears

to increase continuously with cycling, thus the technique

might allow a continuous monitoring of the condition of the
metal during cyclic loading. This is a considerable advantage
in comparison 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 with the: fraction of fatigue
life, and to correlate the internal friction with microstruc-
tural chcnges.

In I igure 4 the internal friction of the annealed specimen
becomes strongly amplitude independent at ¢ longitudinal strain
wave amplitude of 4.25 x 1074, Apove this strain wave ampli-
tude the specimen is being fatigued. Afte: fatigue cycling
for 800 cvcles at +0.012 the internal friction becomes strongly
amplitud.: dependent at a strain of 2.9 x 1074, thus the ultra-
sonic wav2 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

ultrasoni~z internal friction measurement without permanently

damaging the specimen. Thus in our future work we plan to
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concentrate our effort on the change that occurs in the ampli-
tude independent internal friction. This should allow us to
apply this technique to larger specimens with lower amplitudes

of strain wave that would be non damaging to the specimen.
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Figure 1

Figure 2
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Schematic diagram of the ultrasonic driver.

The driving electrode is a PZT-4 piezoelectric
cylinder attached to a Ti-6A%-4V stepped trans-
former. The specimen details are shown in Figure 2.
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Dimensions for the Ti-6AL-4V specimen used in
this experiment. The curvature between the center

and the ends was to localize the fatigue 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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Figure 4 Internal friction as a function of the ultrasonic
strain wave amplitude determined for an annealed
unstrained specimen and after the fatigue cycles
indicated.
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