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(ABSTRACT)

Uniaxial tension tests on uniform cross section specimens of Ti-6A1-4V
and aluminum 7475-T651 show that the stress in the direction of load
application determined by x-ray diffraction and the nominal applied
stress display the expected 1inear correspondence up to a maximum
stress somewhat below the bulk yield point. Above this stress, the x-
ray stress is noticeably less than expected. Upon unloading, there is
a substantial acquired compressive residual stress. Because the x-ray
diffraction measurements provided average stress values in a surface
layer of only a few grain diameters, these results suggest that the
surface layer of the metal is yielding at a lower stress than the
bulk. This anomalous behavior is duplicated qualitatively with a
continuum model of an aggregate of soft and hard square grains obeying
the Von Mises yield criterion. The effect is purely mechanical. No
material effects, such as lower yield point or dislocation density for
the surface grains, are invoked. The continuum effect decreases
rapidly with depth, becoming negligible for depths exceeding 2-3 grain
or domain diameters. Further work is required to refine the model for
real systems and to assess the importance of material effects acting
in conjunction with the continuum effect.
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Figure 2.1-2. Microstructure of the 7475-T651-A1 alloy. (a) Surface
parallel to the rolling direction and the long transverse. The
incidence of the x-ray beam relative to this surface is shown. 125X.
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long transverse

rolling direction

Figure 2.1-2 (continued). Microstructure of the 7475-T651-A1 alloy.
(b) Plane normal to the rolling direction and the long transverse. (c)
Plane containing the rolling direction and the short transverse. This
plane is parallel to the irradiated surface. 125X.
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2.2 SPECIMENS

Uniform cross section tensile specimens were machined from plate such
that the specimen long axis is parallel to the rolling direction, and
the specimen center plane coincides with that of the plate. The gauge
section of the straight specimen is one inch long with a cross section
of 0.22 in by 0.50 in (Figure 2.2-1). The gauge area of all the
specimens was electropolished 0.002 to 0.003 in, thereby removing the
worked surface layer and the attendant residual stresses. The
electropolishing was performed by Lambda Research, Cincinnati, Ohio,
with a proprietary process.

15



*uU0T30RIIITP AvI-X A SSBI31S SUTWIIL8P 03 SIUsWTISAX3
9y} UuT pesn uswroads UOT30S9S SSOID WIOITUN Y3 Jo buimeaqg - T-z-'Z aInbrd

TSIYIU| AW UmOys SuOjSUMG  'E

N3IWID3IdS LHOIVYHLS

‘U pnajbuog 4
2q 01 syJow bujujyoew (Pujy ‘bujuoy Jo bujpujb 193}apuy 4D 00
1yby| K43a AQ ujw 200°0 (YU} 0wy ‘ssed Iswy uo xww 200°0 "ssvd uum— 050
puzZ UO xUW QO JACEIY “YS|U}) ‘Ul § UOIIIIS S ybieais 2

-
T
ot

*100°0 VINIIA ‘3|qeD)|dde SB ‘g-y wo4) Jurisipinba pue ...-—:u.veua._wa
AL{enine puv ‘g-y 03 {a(|vJed 3G 03 ,J, PIL3QU| SOV ING 1
HIIoM -J- H0O'!

L

N

=3-1 NVR _
T | | [ | S
+ ; 1 Jr | I 1 1 /lLll
—IUI.— ol

o

£9€°0
Z¥E0
1
(&)

"
€220
7220

7
L2

€640

a 2620 S3T0H 2 /
-J-
/Ao_
002
LN P
N
-8-]

- _ -0-

16



2.3 X-RAY STRESS DETERMINATIONS

The determination of stress by x-ray diffraction was made by the
well-known "d" versus sin’ ¥ method. A detailed description of this
method is given by Noyan and Cohen [22]. For a biaxial state of stress,
the lattice spacing is related to the stress by

d-d, _ 1

+ v
d, E

g,sin?y 1
where Figure 2.3-1 is employed and

¥ is the angle of the diffracting planes with respect to the
specimen surface plane.

¢ is the angle which the plane containing the incident and
diffracted x-ray beams makes with the sample coordinate system as
defined in Figure 2.3-1.

d, 1is the lattice spacing of the diffracting planes in the unstrained
specimen.

d is the corresponding lattice spacing in the strained specimen
determined at angles ¢, ¥. '

Oy is the normal stress in direction ¢.

E and v are the diffraction elastic constants, corresponding to
Young’s modulus and Poisson’s ratio, respectively, for the
chosen crystallographic planes.

This equation is based on the assumption that the polycrystalline
material behavior is isotropic on a macroscopic scale. This assumption
is justified when the number of grains in the diffracting volume is
large and the grain orientations within it are sufficiently disordered

17



(random, ideally). The stress o, is typically obtained from the slope
of the line fitted to a plot of d versus sinzw. If there is a shear
stress component in the plane perpendicular to the sample surface, the
stresses are no longer biaxial, and equation 2.3.1 acquires an
additional term which depends on sin(2y). This term leads to a readily
observable split in the d versus siny graph.

The x-ray stress determinations were made with a TEC Model 1610
Mobile X-Ray Stress Analysis System [23]. The specimen remains
stationary while a prescribed set of y angles are achieved in succession
by automated motion of the x-ray source and detector. The system is
compact enough that measurements can be made on a specimen under load in
a mechanical testing machine. Details of the system have been given
previously by Dowling, Hendricks [24]. The position-sensitive
proportional counter (PSPC) in tandem with computerized data acquisition
and reduction results in measurement times of 5-20 minutes per ¥ angle.

Setup parameters for the x-ray diffraction measurements are given
in Table 2.3-1 for both Ti-6A1-4V and 7475-T651 aluminum. Copper K,
radiation, 1.54178 angstroms, was used in all cases. The small grain
size and low degree of texture in the titanium alloy [1] made the stress
determinations in this material fairly straightforward. The aluminum
alloy exhibits a marked degree of preferred grain orientation [1].
However, it was possible to find a set of ¢ angles for which good linear
d versus sinzw plots and excellent linearity between the applied load
and the x-ray determined stress were obtained. A 3° y-angle oscillation
was used in all cases because such oscillation has been shown to reduce
the effects of preferred orientation [25]. Typical d versus siny plots
are shown in Figures 2.3-2 and 2.3-3.
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angle

Table 2.3-1. Setup parameters for x-ray measurements
 Material T-6A1-4V 7475-T651-A1

Radiation Copper 1.54178A Copper 1.54178A
Diffraction angle, 142° 160°
20
Diffraction planes {213} {511},(333}
X-ray source
settings:

voltage (kv) 37 37

amperage (ma) 1.85 1.85
S1it size, mm x mm 1 x5 1 x5,2x5
(rectangular slit)
Counting time, sec 100 100
(g = 0°)
Range of ¢ -31° to +34° -38° to +44°
Number of ¥ angles 10 9-10
¥ oscillation 3e 3°

19




x-ray diffractometer

Figure 2.3-1. Definition of the sample coordinate system and the angles
¥ and ¢ for the x-ray diffraction measurements.
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Figure 2.3-2. Typical d versus sinzw plot for the 7475-T651 aluminum
alloy. Setup parameters are given in Table 2.3-1.

21



dipzi d=SPRCIMG vz ZinaZipsil

I

A
puicd
i

VY]
[
on
™
f
=
!
[

Figure 2.3-3. Typical d versus sinzw plot for the Ti-6A1-4V alloy. Setup
parameters are given in Table 2.3-1.
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3. FINITE ELEMENT CALCULATIONS

3.1 MODELING

The "specimens" modeled are 2-D slabs consisting of lower yield
point ("soft") and higher yield point ("hard") isotropic grains. In
general, the hard grains formed a matrix in which the soft grains are
embedded. Up to the yield point, all grains have identical isotropic
linear elastic properties. The plastic anisotropy is thus modeled by
the lower yield point of some grains, representing crystals in favorable
orientations for yielding. For most calculations the soft grains are
elastic-perfectly plastic, whereas the hard grains exhibit some work
hardening to represent work hardening in the specimen. It has been
shown experimentally for aluminum and iron that crystals in a favorable
direction for yielding work-harden less than those in unfavorable
orientations [26]. The grain hardening also allowed the finite element
calculations to be performed in load control, for which convergence was
faster than in displacement control. To be general, calculations in
which both types of grains work harden or neither type work hardens were
also performed.

Because of the relatively small number of grains in the model and
because only two states are considered, "soft" and "hard", a given
random array of grains will, in general be less representative of
average behavior than an ordered array of the same size, i.e. the
ordering is itself an averaging process. For example, in a random array
of 200 grains, 20 by 10 across, with 25% soft grains, it is likely that
the soft grains will form a path of weakness such that the specimen will
yield at a stress approximately equal to that of the yield point of the
soft grains. In the limiting case of an infinitely wide array, the
yield point will be approximately equal to the average yield point
because the proportion of the cross section contributed by the hard
grains equals their volume fraction.
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