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ABSTRACT: The paper discusses the Jatigue characteristics in thin Titanium plate specimens of
rhombic configuration, Specimens were subjected to biaxial siress field using the anticlastic bending
method where two bending moments are developed, The anticlastic bending method generates two
surfaces of curvaiures: one surface in tension while the other in compression resulting in negalive
biaxial stress ratio.

Fatigne data resulting from a number of biaxial stress ratios were obtained and the results were
analyzed using yield theories as well as siress intensity factor, The stress intensity factor approach
was used to characterize the failure mode,

Natation
] total deflection of plate
€ in-plane principal strain in x-direction
£ in-plane principal strain in y-direction
v Poisson's ratio
P biaxial siress ratio
b biaxial strain ratio
a) in-plane principal stress in x-direction
G in-plane principal stress in y-direction
"Gy uniaxial material tensile yield stress
a half the length of diagonat BC (along minor axis)
b half the length of diagonal AD (along Imajor axis)
c distance from diagonal BC
E elastic modulus
EF load applied at each corner
M, bending moment per unit length
Nt cycles to failure
P, yield load

t plate thickness
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Introduction

Numerous engineering structures arc subjected to cyclic biaxial stresses as in
pressure vessels and nozzles, turbine blades, and sheet materials with complex geomeltry. In
the early 1950’s, the Pressure Vessel Research Commiittee initiated a research program (o
study the effect of biaxial stress cycling on the fatigue life of pressure vessels in order to
improve material selection and fabrication processes, Tor [1].

A number of experimental methads to generate a biaxial state of stress/strain were
developed over the years such as tubular specimens subjected to cyclic pressure, tension-
torsion, oval plates subjected to cyclic pressure, cruciforn specimens subjected Lo tension-
tension or tension-compression, cantilever bending specimens, and the anticlastic plate
bending method. Each method has its advantages and disadvanlages which can be found in
the literature. EFrom (he viewpoint of economy and ease in conducting biaxial fatigue
testing, reverse bending of plate speciinen has a great advantage over other methods.
However, from an academic point of view, there are several advantages for using combined
axial-torsion (biaxial) fatigue testing with thin-walled cylindrical specimens which
practically eliminate the influence of through-thickness stress-strain gradients. Also, the
stress-strain responses in low cycle fatigue tests can be measured directly from the
hysteresis loop; whereas in plate bending there are some ambiguities in the computation of
the plastic strain range from the total strain range and load measured in low cycle fatigue
testing. However, if the criterion for fatigue failure is crack initiation or growth of a surface
crack (o a certain length, then this disadvantage can be tolerated to some extent because the
primary interest becomes the influence of the biaxial stress state on crack initiation or
growth rather than to determine the absolute values of low cycle fatigue life under various

states of biaxial stresses.

The Anticlastic Bending Method

A unique feature of the anticlastic bending method when applied to the rhombic
plate design is the uniform stress and strain distribution over a wide area of the specimen
surface. This is because the rhombic plate can be assumed to be constituted of beams of
uniform strength along its two diagonals by a simple beam theory approximation, whereas,

for both the wide-cantilever beam and the pressured-plate specimens, only a limited area
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in the central portion of either specimen is subject to the maximum stress or strain state.
As a comparison to the pressured-plate techniques, the anticlastic bending of a rhombic
plate method is more convenient for detecting and observing the initiation and growth of
cracks on the surface of the specimen. The fact that the stress-strain distribution over the
rhombic plate surface is uniform under cyclic loading also provides an advantage in easily
obtaining the magnitude of the stresses and strains at the specimen surfaces. Even though
there is a continuous change in the stress-strain relation for the material as the number of
cycles increases, the varying stress-strain relation is the same over the entire surface of the
rhombic plate. Therefore, the strain-deflection relation at the beginning of the test remains
unchanged throughout the test as far as the assumption of linear distribution of strain in
the direction of the thickness holds; hence, once the strain-deflection relation is initially
calibrated, before testing begins, the only required measurement needed during the testing
is the deflection of the plate.

Basically, the plate specimen has a rhombic geometry where the surface, when
subjected to anticlastic bending, undergoes a tension-compression mode resulting in
bending moments of opposite sign are generated from a central load. The centrally
applied load P generated loads F at the corners of the plate (Figure 1).

Fig. 1 Schematic of rhembic plate specimen loading configuration in anticlastic bending mode

As a result of this type of loading, bending stresses are generated on the surfaces of
the plate which are proportional to the radii of curvature. The stress or strain ratio can be

varied by changing the length of the diagonals resulling in a wide range of stress or strain

169




ratios. In theory, principal stress ratios from 1:-1 to 1:0 or 2:1 and principal strain ratios
from 1:-1 to 2:-1 or 1:0 can be achieved and can be compared to other state of stress
developed by other methods as shown in Figure 2. A schematic diagram of the apparatus
is shown in Figure 3. Detail of the system and its construction can be found in ASTM
publication Zamrik and Davis [2].

Fig. 2a Siress ratios attained by (A) Wide-Cantilever Beam,
(B) Pressurized Oval Plates, {C) Anticlastic Bending
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Fig. 2b Strain ratlos attained by: (A) Wide-Cantilever Beam,
(B) Pressurized Oval Plates, (C) Anticlastic Bending
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Fig. 3 Cross-Sectional view of antlclastic bending apparatus

Material and Rhombic Specimen

Titanium alloy type 6Al-2Sn-4Zr-2Mo forged plate material was used to fabricate

plate specimens having a nominal thickness of 0.20 in (0.50 cm) and diagonals of 3x3 in
(7.6x7.6 cm}, 3x2 in (7.6x5.0 cm) and 3x1.5 in (7.6x3.8 cm). This type of geometry, as
shown in Figure 4, gencrates principal minimum stress/maximum stress ratios of -1.0, -

0.44 and -0.25 and a principal minimum strain/maximum strain ratios of -1.0, -0.68, and

-0.54 respectively. The material mechanical properties are given in Table 1.

Table 1 Uniaxial Tensile Mechanical Properties of Ti-6242

Yield Stress (0.2% offset) 937 MPa (136 Ksi)

Ultimate Strength 1010.7 MPa  (146.5 Ksi)
Modulus of Elasticity 124 GPa  (18x10° psi)
Poisson’s Ralio 0.34

Percent Elongation 14.6%
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Fig. 4 Rhombic plate specimens with corresponding stress and strain ratios

Fatigue Test Procedure

The titanium rhombic plate specimens were cycled under stroke control from zero
to maximum load using a triangular wave at a frequency of 2.0 Hz. Failure was defined by
a 10% drop in the load from its maximum magnitude. A three-glement rosette strain gage
was placed at the center of the plate specimens and single element strain gages were
placed along the major and minor axis of the plates as shown in Figure 5. '

Similar gages were placed at the corresponding bottom surface. The gages were
used for calibration and strain measurements at the top and bottom surfaces. Typical
calibration is shown in Figure 0.

A total of 16 specimens were fatigue tested. Three specimens of 3x3 in (7.6x7.6
cm) were tested under load control and the remaining 13 specimens under stroke control.
At the same maximum load, fatigue lives for the 3x3 in (7.6x7.6 cm) specimens were

nearly identical for stroke and load control tests.
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Fig. 5 Drawing of 3x3 in (7.6x7.6 ¢m) rhombic plate specimen with mounted top strain gages
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Fig. 6 Load (Ibs) versus Straln (jic) of specimen 3x3 in (7.6 x 7.6 cm)

Yield Loads and Stress/Strain Biaxiality Ratios

The yield load for the various plate specimens configurations were determined
using Hooke’s law assuming plane stress condition. For the specimen geometry, loading
by a central force P as shown in Figure 7, the bending moment per unit length , M, along

line segment JK, a distance ¢ from diagonal BC, is a function of the resulting corner load
F;
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M. =F{b-<)/L (L
where F = load applied at each corner
b = half the length of diagonal AD (along major axis)
a = half the length of diagonal BC (along minor axis)
¢ = distance from diagonal BC
For the 3x3 in (7.6x7.6 cm) specimen and from similar triangle:

L = 2(b-c¢) (a/b) ()]
Substituting Equation (2) into (1):
M, = (F/2) (b/a) (3)
and from symmetry, the total external centrally applied load P = 2F, hence:
M, = (P/4) (b/a3 @
F
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Fig. 7 Rhombic plate under anticlastlc bending.

Since My, is independent of the distance c, and constant along line scgment JK, it is now
called M, resulting in a bending stress:

o 1=6M/t? (5)
The stress can also be expressed in terms of the applied load P:

oy =3P12t? (6)
For a biaxial state of stress, the von Mises failure criterion on the basis of yield condition

is:
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6°+6,°-6,0,=0,> (7)
or in terms of stress ratio bs=6G,/0,:
6% (1+96% - ¢ ) = 0y ®)
where G ) and o ; are applied in the x and y directions,
The stress ratio ¢, is also a function of the diagonals a and b and has the form of (a’/b?).
By setting P = Py, the yield load is expressed as:
Py=2t"0y / [3(1+ o~ ¢5) 2] ©)
and for the 3x3 in (7.6x7.6 cm) specimen, setting ¢ = -1:
Py=2t%6y/(3(3) Y2 (10)

Expressions for the yield loads for the 3x2 in (7.6x5.0 cm) and 3x1.5 in (7.6x3.8 cm)
specimens were similarly derived and presented in Table 2 and Table 3 for the biaxial stress
and strain ratios.

Deflection-load relations for the 3x3 in (7.6x7.6 cm) specimen were derived from
plate theory re;ulting in:

3=Pb (1-0¢,)/4D(1-v? (11)

and for the 3x2 in (7.6x5.0 €m) specimen:
8=3Pb’(1-v¢,)/8D(1-v? (12)

and for the 3x1.5 in (7.6x3.8 cm) specimen:;
3=6Pb’(1-v¢s)/2D(1-0} (13)

where D=E(*/12(1-v?

Table 2 Yield Load for each Rhombic Plate Configuration

Specimen Thickness, t dq = (a%/b%) Py
(cm) (in) {cm) (in) M) (Ib)
76876 (3x3) 0.5 (0.20) 1.0 9314 (2004)
7650  (3x2) 05  (0.20) -0.44 8398 (1888)
7.6x38  (3x1.5) 0.5  (0.20) 025 7041 (1583)
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Table 3 Biaxial Stress and Strain Rattos for Rhombic Plate Specimens

Specimen b &
(cm) {in)
7.6x7.6 (3x3) -1.0 -1.0

7.6x5.0 (3x2)  -044  -0.68

7.6x3.8 (3x1.5) -0.25 -0.54

The surface strain for the 3x3 in (7.6x7.6 cm) specimen in terms of stress ratio :

& =(/B)[1-v¢s] 0 (14)
g2= (1/B) [ ¢o- V] &1 (15}

or in term of the applied load P:
£,=(GPI2EL})[1-vd,] (16)
g2= (3 P/2Et*) [ ds- V] (17

and the third principal strain is expressed in terms of the biaxial strain ratio, =€/ €

g=-[0/(1-v)][1+¢]& (18)

Similar derivation for strain-deflection-load expressions were derived for the 3x2 in

(7.6x5.0 cm) and 3x1.5 in (7.6x3.8 cm) specimens.

Test Results

Biaxial fatigue test results from the 3x3 in (7.6x7.6 cm), 3x2 in (7.6x5.0 cm), and
3x1.5 in (7.6x3.8 cm) rhombic plate series were plotted in terms of maximum shear strain,
maximum principal strain and von Mises effective strain versus number of cycles to failure
as shown in Figures 8, 9 and 10 on semi-log plots to show the scatter in the data. Although
the scatier band is wider than desired, the von Mises has shown a belter correlation for plate
bending with a scatter of + 2.7x, whereas the maximum shear strain scatter was + 4.2x and

the maximum principal strain was * 3.5x.
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Failure Modes

Typical failure modes are presented for the three types of the specimen’s geometry.
Specimen 3x3 under load control was cycled to a maximum load of 2,200 [b (9,785 N) with
a maximum tensile strain of 0.56 %. Two crack initiation sites were observed on the top
surface in quadrant II (tension side), which then joined to form a larger crack propagating
perpendicular to the maximum principal tensile siress direction as shown in Figure 11a.
Figure 11b shows the initiation sites and fatigue beach marks. The cycles to failure were
592,248,

For specimen 3x2 in (7.6x5.0 cm) which was cycled under stroke control to a
maximum load of 2,500 lb (11,120 N), 612 Ib (2,722 N) above the yield and with a
maximumn principal tensile strain of 0.84%, two crack initiation sites were also observed.
Crack propagation was in Mode I as shown in Figure 12. Cyeles to failure were 46,521.

For specimen type 3x1.5 in (7.6x3.8 cm) which was cycled under stroke control at a
maximum load of 1600 Ib (7,117 N), corresponding to 67 Ib (298 N) above the yield. The
maximum tensile strain was 0.72%. The fatigue crack initiated was in quadrant I'V as shown

in Figure 13. The cyeles to failure were 90,549,
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Fig. 11a Fatigue crack initiations on failure surface of plate spec. 3x3 in (7.6x7.6 cm),
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Fig. 12a Fatigue crack initiation sites, plate specimen 3x2 in (7.6x5.0 cm),
o =-0.444, ¢, = -0.68, £, = 0.84%, Prax = 2500 Ib (11120 N), N, = 46,521 cycles
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Fig. 12b Fracture surface with initiations, plate specimen 3x2 in (7.6x5.0 cm)

Fig. 13a Photograph of top of failure surface of plate specimen 3x1.5 in (7.6x3.8 cm)
g = -0.25, ¢ = -0.54, €0, = 0.72%, P,.0x = 1650 1b (7339 N), Nr= 90,54 cycles
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Fig. 13b Fraclurc surface with initiation site, specimen 3x1.5 in (7.6x%3.8 cm}



Microstructure Analysis

The fracture behavior of the titanium plates was analyzed using a scanning electron
microscope (SEM) and an optical microscope. Representative specimens from each series
of plates were examined for important fracture features such initiation sites, and fracture
mechanisms. Stress intensity ranges, AK, were calculated at various flaw depths using a
modified analytical expression developed by Zamrik and Shabara [3] for biaxial bending.
AKs were then related to the fraciure behavior.

Figure 14 shows the fracture surface for a 3x3 in (7.6x7.6 cm) specimen tested at a
maximum load of 2,600 1b (11,654 N) and a yield load of 2,093 1b (9,314 N). It also shows
river markings emanating from the initiation sites. The fracture topology is characterized by

transgranular facets intermixed with tear ridges and some secondary cracking where the

flaw depth, a, was 0.002 in (0.005 cmy), resulting in AK = 7 Ksij JE {8 MPa JE).

Fig. 14a Fracture region of Ti-6242 plate material (spec 3x3 in (7.6x7.6 cm),
Crack initiation site and river markings are shown (P,,,,, = 2600 1b (11564 N),
€ = 6956 pe, N = 168,229)
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For a 3x2 in (7.6x5.0 ¢cm) specimen subjected to a maximum load of 2,000 1b (8,896
N) with a yield load of 1,888 ib (8,397 N), and a maximum strain of 0.7%, the fracture
surface showed a semielliptical crack initiation site where a = 0.001 in (0.003 cm) and AK =
8 Ksi\/a 9 MPaJE) as shown in Figure 15. Below the initiation site, striations were

superimposed on facets as shown in Figure 16.

Fig. 14b Fractograph showing details of crack inifiation site (spec 3x3 (7.6x7.6 cm)).
Transgranular facels and tearing are shown (Pp.. = 2600 1b (11564 N),
AK = 8 MPa Ym, £, = 6956 pie, Ny = 168,229)

The fracture surface of a 3x1.5 in (7.6x3.8 cm) specimen cycled at a maximum load
of 1,400 1b (6,227 N) and maximum strain of 0.6% with a yield load of 1,583 Ib (7,041 N)
is shown in Figure 17a. At the initiation region (Figure 17b), the surface possessed facels
and tear ridges where the crack had a depth of 0.004 in (0.0! cm) and AX = 11 Ksi Jin
(12 MPaa./E}. As the crack grew to a depth of 0.06 in (0.15 cm), AK = 32 Ksi s/l—ﬁ- (35
MPavm ), the fracture surface below the initiation site showed distinct striations (Figure
18).

The microscopic features of the fracture surfaces showed that for this material there

is a dividing region where cracks at the low intensity factor, below 15 Ksi«./a (7
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MPa+vm ), fatigue striations were absent: and the fracture surfaces were composed of long
cleavage facets intermixed with poorly developed dimples. However, at higher AK = 25.33
Ksi v/in (28-36 MPa+/m ), the number of cleavage facets diminished and were replaced by
dimples and fatigue striations. It is evident from the failure modes due to the magnitude of
biaxial stress cycling, the fracture surfaces changed from large transgranular facets as the

stress intensily is increased to more ductile fracture resulting in intergranular facets and

dimples.

22

Fig, 15 Fracture region shown at top edge of fractograph (spec 3x2 in (7.6x5.0 cm)).
Semielliptical initiation site is present in top surface quadrant Il
(Prax = 2000 b (8896 N}, £, = 7070 He, Ne= 151,881)
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- 20kv
16 Fracture surface outside the initiation region {spec 3721;?}—6;340}“1))

ig.
Transgranular facets with striations and extensive secondary cracking (P, = 2000 1b (8896 N),

AK =8 Ksi vin (9 MPa vm ), &, = 7070 pe, N; = 151,881)

' Fié. 17:\ Fraclurereglon with s:e'n'1ie'll"ip-tﬂicé:l crack initi.at-inn.r
Initiation located in quadrant TV (spec 3x1.51n (7.6x3.8 em))
(P, = 1400 Ib (6227 N), £, = 6082 e, N;=286,270)

184



6.69!5:-_::__ 28ky 608

Fig. 17b Fraéture sui'féce é-t-cenf;e-i; of sé;l.liellipl-i;:al' crack injliaiion. (spec 3x1.5 in
(7.6x3.8 cm)) (P,,,,, = 1400 Ib (6227 N}, AK = 12 MPa Vvm, g, = 6082 e, Ny = 286,270)
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Fig. 18 Details of fracture surface Below-semielliplical cfﬁck initiéti'on.
Striations on facets intermixed with tearing
{(Prax = 1400 1b (6227 N3, K = 35 MPa Vm, g, = 6082 HE, Np = 286,270)
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Summary and Conclusions

Fatigue failure characteristics of Titanium alloy type 6Al-28n-4Zr-2Mo forged plate
material were investigated under biaxial stress field. Anticlastic bending of plate specimens
of three types of geometry were used to impose a biaxial stress ficld across the surface of
the plate specimen with principal stress ratios of -1, - 0.44, and - 0.25 and corresponding
biaxial strain ratios of -1, - 0.68, and - 0.54. The material showed a transition between
transgranular and intergranular cracking depending on the magnitude of the stress intensity
factor where the transition is about 15 Ksi Jl: (17 MPa+/m ).

The biaxial fatigue lest results from the 3x3 in (7.6x7.6 cm), 3x2 in (7.6x5.0 cm),
and 3x1.5 in (7.6x3.8 cm) thombic plate series were plotted in terms of maximum shear
strain, maximum principal strain and von Mises effective strain versus number of cycles 1o
failure. Although the scatter band is wider than desired, the von Mises has shown a betler

correlation for plate bending.
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