EFFECT OF TESTING DIRECTION ON THE FATIGUE AND TENSILE PROPERTIE... Page 1 of 1

EFFECT OF TESTING DIRECTION ON THE FATIGUE AND TENSILE PROPERTIES OF A Ti-
6AL-4V BAR

Abstract:
Abstract not available.
PUBLICATION DATE: 1973
AUTHORS: Bowen, A W.
AD/LD ORDER NO: AD-D104715
LOCATION/DAN: AMPLB/L002761 (For Internal Use)
JOURNAL NAME: Titanium Science Technol., Proceedings International Conference
VOL.:
NO.: 2
PAGES: 1271-1281
SPONSORING AGENCY NAME: Royal Aircraft Establishment
PERFORMING/PUBLISHING AGENCY NAME: Plenum Publishing Corp.
SOURCE: Publisher

[from Advanced Materials, Manufacturing, and Testing Information Analysis Center]
[comments or questions: email telephone 315-339-7117]

http://ammtiac.alionscience.com/ammt/iacdocs.do?L.002761 5/31/2013



THE EFFECT OF TESTING DIRECTION CN THE
FATIGUE AND TENSILE PROPERTIES OF & Ti-6A1-4V BAR

A W Bowen |
Materials Department
Royal Aircraft Establishment
Farnborough, Hants, UK

Introduction

This paper reports the effect of testing direction on the
fatigue and tensile properties of a Ti-6Al-4V forged bar. Direc—
tionality of mechanical properties can be of considerable signi-
ficance in worked h.c.p. materials, firstly, due to their crystal
structure, which is inherently anisotropic and secondly, due to
any grain elongation introduced by the working operation, where
there can be marked differences in the number of grains per unit
area in different directions but, if little or no recrystalliza-
tion occurs, there can be no change in the number of grains per
unit volume (Fig 1). Any effects due to the mechanical fibering of:
inclusions etc., which markedly affects the mechanical ‘properties
of most cubic materials (eg refs 1-3), is absent in titanium alloys
because: of the .purity of the starting material, their method of -

-preparation (vacuum arc melting) ‘and s1nce titanium dlssolves most ©

of the ‘common alloying or inclusion forming elements,

Material Composition and Processing History

Al v Fe c 0 N, H, wth

6.12 3.97 0.07 0.03 0,072 0,013  0.001
21 in diameter 16in square 5 O%in wide x 2%in thick
ingot. B forgeda bar 048 forged bar (final dimensions)

(~ 9500¢C) bar then annealed at
700 C for 2th.
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Testing

Test pieces were machined from the annealed bar in the long—
itudinal, transverse and short transverse directions. The long-
itudinal direction was parallel to the direction of maximum extension
during forging (Fig 1). S-N curves were determined on longitudin—
ally polished Rolls Royce rotating cantilever test piecesnggin long}
0.16in minimum dia) fatigued at a frequency of 6000 cycles/min.
Tensile properties were determined on standard test pieces (1.3in
gauge length; 0.16in dia) at a stirain rate of 3 x 10-3 sec~1.

Results

B=N_curves. are. shown in.Fig 2.
this figure are the mar gtter &
in the fatighe strength h te direction.
strengths at 107 cycles are given in Table I.

iceable features of
he large variation.
“ Approximate fatigue

Tensile properties for the three directions are also listed
in Table I. Yield and tensile strengths in both the transverse and
short transverse directions were considerably greater than in the
longitudinal direction. A modulus change was observed only in the
transverse direction. Ductility values remained almost constant
except for a small decrease in the elongation value for the short
transverse direction.

Table I ~ Mechanical Properties of the Eﬁin wide x Z%in thick
forged and annealed Ti-6A1-4V Bar

. Approx
002 - g
‘ Sf’rzz‘?f g:::;;h E gx 1073)| Elong [R of A[Fatigue
Testing (kes1) (k) ksi) % % [Strength
Direction 1 8 . at 10
cycles
(ksi)
Longitudinal ) 121.0 33
Transverse 135.5 30
Short transverse| 129.5 30

Metalloggaghic Observations

Microstructure

The grain elongation due to working could be clearly observed
by examination of the etched bar at low magnifications (Fig 1).
Although the bar showed small q grains surrounded by B at many of
the grain boundaries, polarized light microscopy revealed clear
evidence of a large priorB grain size, (ie large volumes of similar
orientation) with each priorp grain containing manya grains (Fig 3).
Only partial recrystallization had occurred, eg AA in Fig 3.
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Fig., 1. Macrostructure in the three orthogonal sections of the 2% in
thick forged and annealed Ti-6Al-4V bar showing the different
number of grains per unit area in each plane. Etching solu-
tion 10% HF, 257 HNO3, 65% H30. L, T, and ST - longitudinal,
transverse and short ‘tran‘svefsei directions respectively. X2
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Fig, 2. The effect of testing direction ,on the fatigue life of the
2% in thick forged and annealed|Ti-6A1-4V bar.
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Many of the elongated regions observed on face B, Fig 1 were
found to be up to 80 VPN harder than more equiaxed regions. These
hardness variations can be attributed to crystallographic and/or
chemical differences. Microprobe analyses revealed higher vanadium
contents in the harder zones (by ~ 0.6 wt %) and also smaller
aluminium variations (~0.2 wt %%. However, in view of the texture
analyses (see following section) which showed that a large propor—
tion of basal plane poles are normal to face B, Fig 1, and hence
would lead to hardness variations of the order of magnitude observed
(4), it is most probable that rystallographic differences are: ,
primarily responsible for the i"dhé%§°Vari§tiﬁhsifﬁifﬁﬁ mpositional
differences enhanding this effect. :

Texture ’

Considerable variations in preferred orientation were observed
along and through the thickness of the bar and no one pole figure
oould be claimed to be representative of the bar as a whole. From
the pole figures determined, however, it was apparent that at the
surface of the bar (ie face A, Fig 15 most of the basal planes were
approximately parallel to the surface; below the surface and through
most of the thickness of the bar basal planes were mostly parallel
to the bar edge (ie face B, Fig 1). 1In all cases the <1010> direc-—
tion was in the longitudinal direction. Between these two textures
it was possible to record a wide range of preferred orientations.
The variations in texture are considered to be o inhomogeneous
deformation caused by temperature gradients or i genec ng

introduced into ‘the bar during forging., ¢

Fatigue Crack Initiation and Propagation

Fatigue cracks formed in a grains, usually in equiaxed regions

- such as AA in Fig 3. The extent of stage I or shear mode growth (5)
' seemed to be dictated by the applied stress amplitude for test pieces
from all three directions. This is in agreement with other investig-
ations (6,7). ’ ‘

Local variations in stage II growth rates were readily apparent
on examination of fracture surfaces by optical and scanning electron
microscopy. This was mosq noticeable on longitudinal and transverse ;

-‘test piece fracture surfaces, particularly when crack growth was in
the short transverse direction. In these cases locally straight
crack fronts could be observed frequently as faster growth in some
priorB grains could be seen to terminate at prior B grain boundaries
as the crack front entered a less favourably oriented prior B grain
(Fig 4(a)). For growth in the longitudinal and transverse directions,
serrated crack fronts were often observed (Fig 4(b)). Here faster
growth in a favourably oriented prior B grain is held back by slower
growth in less favourably oriented grains on either side.

e s e o oo
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Fig. 3. Polarized light micrograph showing marked prior /9 grain
size in the 2% in thick forged and annealed Ti-6A1-4V bar.,
Electropolished longitudinal section, longitudinal direc-

N tion shown by arrow. X120

' Fig. 4. Scanning electron micrographs showing fatigue crack growth
in a longitudinal fatigue test piece cut from the 2% in
thick forged and annealed Ti-6Al1-4V bar (a) in the short
transverse direction (X700) and (b) in the transverse di-
rection (X340). Crack growth directions shown by arrows.
Crack fronts shown by dotted lines.
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Different growth rates, with changes in orientation, are not un~-
expected since growth is dependent, among other factors, oni-

(1) the plastic zone size, which is inversely related to
yield strength (8), and changes in yield strength with
””” orientation are common in h.c.p. materials (4, 9),
and (ii) Elastic modulus, which enters into meny crack growth
equations (eg 10, 11), usually as a measure of strain
(ie stress term
E
crystal orientation (4, 12).

) and E has been shown to be very sensitive to

Crack propagation measurements on 0.5 in thick edge notched
test pieces cut from 2%in thick rolled and ammealed Ti-6A1-4V bar
have shown little difference in the macroscopic rate of stage II
growth with testing direction, for AK values in excess of~ 14 ksi
vin (13). Since stage II growth rates in forged and rolled bars would
not be expected to be very different, it can be assumed that the
overall stage II growth rate in the forged bar used in this invest-—
igation is also independent of testing direction, and that the
macroscopic growth rates average out the local variations described
above.

Texture analysis of individual test pieces, in addition to the
general studies described earlier, reaffirmed the texture variability,
and revealed that test pieces oriented with a large proportion of
prism planes approx parallel to the stress axis “shorter igue
lives than. those with a large spread of orient 5 0T W
proportion of basal planes approx parall

It may therefore be concluded that the differences in fatigue
strength with testing direction arise predominantly from‘differences

in the ease of crack initiation and stage I growth.

Tensile Deformatibn

Anisotropic deformation behaviour was common to tensile test
pieces from all three directions in the bar. The effect of the
prior g grain size could be observed to dictate the extent of slip
(Fig 5). The effect of preferred orientation was apparent in the
non~uniform necking of all test pieces. Minimum to maximum diameters
of the neck were found to be in the range 0475-0.85. This is due to
the large proportion of basal planes lying approx parallel to the
stress axis, slip occurs on prism planes and little contraction takes
place in the c—direction. Examples of such behaviour are shown in
Fig 6. Slip on intersecting prism planes, at 60° to one another,
could be observed on many of the fracture surfaces.
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Therewas evidence of a more uniform reduction of area in
transverse test pieces where many of the basal planes were pere
pendicular to the stress axis. (C, Fig 6.) A modulus of 18 x 10 psi
was recorded in this case (Table IS. However, even then therg must
still be a considerable number of basal planes at angles < 90~ to the
stress axis, since a value of E = 21 x 10° psi would be expected if
all basal planes were normal to the stress axis (4, 12). In these
transverse test pieces, extensive {1072} twinning occurred in
favourably oriented prior £ grains which, again, was limited by the
size of those grains (Fig 7). It should be noted that it is elongated
grains, such as that shown in Fig 7, which give rise to the hardness -
variations described earlier.

Discussion

This investigation has shown that considerable variations in’
fatigue and tensile strength can ocour with changes of testing ‘
direction in large forgings of Ti=-6A1=4V.  In the following discussion
explanations will be proposed to.account qualitatively for this
mechanical anisotropy in terms of texture and grain shape.

Fatigge Behaviour

Consideration of texture and stressing mode might lead to the
conclusion that there should be no effect of texture during the early
stages of fatigue, since a tension~compression cycle parallel to the
basal plane is equivalent to a compression-tension cycle normal to
the basal plane. However, this is not strictly the case since the

elastic and plastic Poisson'sratios QJe llp) are very sensitive to

'
crystal orientation (12, 14). Thus a strain applied parallel to the
basal plane will, on average, result in smaller strain changes normal
to the stress axis (because of the higher values of};e and‘;p) than an

equivalent strain applied perpendicular to the basal plane. It may
therefore be proposed that on fatiguing test pieces with basal planes
parallel to the stress axis (longitudinal and short transverse directions),
the constraining influence of the higher Poisson's ratios enhances the
fatigue life compared with test pieces with basal planes normal to the
stress axis (transverse direction)s. Experimental results and texture
analyses are in agreement with this suggestion. '

It then remains to be explained why the longitudinal direction,
while nominally having the same texture as the short transverse
direction, has a lower fatigue strength. This is 1o be expected in
view of its lower tensile strength (Table I) and is considered to be
due to the changes in grain shape caused by working (Fig 1) and their
orientation with respect to the stress axis. Longitudinal test pieces
have the large volumes of similar orientation oriented along the length
of test pieces and hence there is a greater probability that a smaller
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Fig. 5. Polarized light
micrograph showing prior
Agrain size limiting ex-
tent of surface slip.
Electropolished short
transverse tensile test
piece cut from the 2% in
thick forged and annealed
Ti-6A1-4V bar. Stress axis
shown by arrow. X330

]

Fig. 6. Photograph showing
deformation on longitudinal
(A), short transverse (B)
and transverse (C) tensile
test pieces cut from the
2% in thick forged and an-
nealed Ti-6A1-4V bar, X2

Fig. 7. Photomicrograph
showing prior grain
size limiting extent of
{1012, twinning. Electro-
polished and etched lon-
gitudinal section of .a
transverse tensile test
piece cut from the 2% in
thick forged and annealed
Ti-6A1-4V bar, Stress
axis shown by arrow,
Etching solution 1% HF,:
12% HNOé;‘87Z Hy0." X500
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finish, produced very much less scatter, and secondly
toi ! ) ,
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number of these prior B grains per unit area are at the surface thus
leading to easier crack initiation and stage I growth and resulting
in a lower fatigue strength. This effect of grain shape is also
probably a contributory factor to the low iransverse fatigue strength,
complementing the effect of texture.

) mmon to all three

h 15 not the cause of scatter,

and heat treatment (15) of this

bar, using the same test piece preparation techniques and surface
ctropolished -

m.the as.received wed &
tter as mechanically polished on

st s
ariations in oxygen content are also a possible s

ce of scatters

Tensile Behaviour

Anisotropy in tensile properties was only noticeable in changes
in strength (Table I). Little influence of crystallography on duct-
ility was observed since, even when extensive twinning was favoured,
as in the transverse directiongit can be shown that slip accounted
for nearly all the deformation (9).

The effect of the bar textures can be correlated closely with
the changes in yield and tensile strength values. In transverse
test pieces (basal planes normal to the stress axis), a higher modulus
and yield strength and a smaller increase in tensile strength, compared
with the longitudinal and short transverse directions, would be
expected from theoretical considerations (4, 9y 12, 14)e erimental
results are in good agreement with such predictions (Table I). The
lower tensile strength in the longitudinal direction is believed to
reflect the smaller number of prior P grains per unit area in these
test pieces compared with test pieces cut in the short transverse
direction which has the same nominal texture as the longitudinal
direction. The large volumes of similar orientation extended over
considerable distances along the gauge length in the longitudinal
direction, with the result that lower strengths were observed in this
direction.

Conclusions

1 The rotating cantilever fatigue strength at 107 cycles of test
pieces cut in the longitudinal, transverse and short transverse
directions of a 9%in wide x 2}in thick forged and annealed
Ti~641~4V bar are approx i72, 62 and 82 ksi respectively.
Explanations are proposed to account for these differences in
terms of the predominant texture in each direction and also
the change in grain shape (ie grain elongation) due to the
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working operétion, which results in different numbers of prior .
B grains per unit area in the three testing directions.

2 Considerable scatter in the fatigue lives were observed at all

- =+ stress levels for all three tested directions. The scatter is
attributed to the variable texture and coarse macrostructure of
the bar,

3 Yield strengths for the longitudinal, transverse and short
transverse directions of thig bar were 121.04 135.0 and 129.5
ksi respectively, and the tensile strengths for these directions
were 132.0, 144.0 and 142.0 ksi respectively. These trends are
also explained in terms of the predominant texture in each
direction and the different number of priorf grains per unit
area in the three testing directions.

4 The modulus increased from 1645 x 106 psi for the longitudinal
and short transverse directions to 18+7 x 10° psi for the
transverse direction. No large changes in ductility were observed
with {esting direction. Thess observations can be explained in
terms of the predominant texture for each testing direction.
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