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SUMMARY

An experiment has been u~ndertaken to provide benchmark data for validating methods of
calculating the plastic behaviour of metals. In this experiment a 30 mm square-test-section
specimen of 7050-T7451 aluminium alloy has been loaded in four-point bending, and the
surface distortions of all four faces have been measured with the aid of a square grid pattern
imposed on the surfaces before deformation. This part of the Report describes the

experimental details and gives the results of the material property tests, thus providing
sufficient information for the prediction of surface displacements. Part 11 of the Report gives
the measured displacements with which predictions may be compared.
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1. INTRODUCTION

Modem numerical techniques can be used to analyse such complex geometries and
loadings that the mind may be swayed by such power to think that the results invariably
describe reality. It is obviously essential that, from time to time, numerical results
should be validated against those from experiment. One area requiring the application of
numerical analysis is metal fatigue. Here the applications range from a determination of
residual stress patterns for various life enhancement techniques to an evaluation of the
stresses around the tip of a growing crack. In one form or another plasticity is involved,
and the plastic region is usually localized and undergoes cyclic reversals in sign. In such
a situation the precise description of the plastic behaviour can significantly influence the
numerical results.

To demonstrate the potential of any numerical procedure for a complex situation it must
be capable of accurate prediction in a simpler situation. In relation to the cyclic
plasticity just mentioned, where strains may be 10% or even much greater, it would seem
reasonable to require of any numerical procedure that it should accurately predict
behaviour under similar monotonic strains. To this end a bending test on a thick square-
section aluminium alloy specimen has been devised to give strains typical of those in
cyclic plasticity. Coupled with tensile test results on the same material sufficient
information is available for numerical techniques to predict the surface displacements of
the test section.

Given that marked anticlastic curvature may occur in thick sections under large-strain
bending it was thought that the prediction of surface displacements would be a good test
for numerical analyses. This report is in two parts. Part I presents the experimental
details and tensile results to enable numerical prediction, and Part II gives the
experimentally-determined surface displacements.

2. SCOPE

The bending specimen was deformed in a four-point loading jig to two levels of bending
moment. Before deformation a square grid pattern of 2 mm spacing was applied to each
of the four faces of the test section and it is the deformation of the grid patterns that
defines the surface displacements. Rigid body displacements were not measured.

Five tensile specimens were tested to obtain the yield stress and work hardening
behaviour of the material. Stress relaxation was found to be quite substantial and the
tensile specimens were also used to measure this phenomenon at three nominal strain
levels. The significance of the stress relaxation was that the grid pattern deformations
were obtained by measuring surface replicas which take time to set, and it was important
to record the grid patterns when the stress and strain were stable.

I
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Stress relaxation may add a complexity to numerical prediction. If such analysis can
cope with this phenomenon there will be a greater confidence in being able to predict
cyclic plasticity, given that practical fatigue cycling is not normally at a constant rate and
often involves periods of rest. The approach then is to make available tensile and stress
relaxation data for the material, and the test geometry and loads for the bending
specimen, thus providing information for the numerical prediction of the surface
displacements of the bend specimen.

3. MATERIAL AND TEST MACHINE

All specimens were machined from a 144 mm thick rolled plate of 7050-T7451
aluminium alloy. (Though of little concern to the present work, the material is that from
which certain fuselage bulkheads are made for the F/A-18 fighter aircraft). The
longitudinal axis of all specimens was that of the rolled plate. They were taken from
different locations through the thickness of the plate but there was no evidence that the
properties were affected by the location. Table l(a) gives the tensile properties of the
material as determined by the manufacturer.

A 250 kN servohydraulic test machine was used for all tests. The tension and stress
relaxation tests were controlled from a clip gauge mounted on the specimen, and the
bending tests were controlled from strain gauges mounted outside the test section in the
nominally-elastic region. Load cell readings, actuator displacements, and strain gauge
outputs were recorded with respect to time, as well as load versus displacement.

4. TENSILE AND STRESS RELAXATION TESTS

The specimens for determining the tensile and stress relaxation behaviour of the material
are illustrated in Fig. 1. The clip gauge controlling the tests was mounted centrally in the
parallel test section. One test was made to a total strain of 0.12 under a continuous ramp
rate of 0.04 per minute, after which the stress relaxation behaviour was determined.
Several other specimens were strained to a value of 0.04 which was kept constant for
several hours to obtain stress relaxation data, then strained to a level of 0.08, then to 0.12,
each time allowing relaxation. The same strain ramp rate of 0.04 per minute was used
for each strain increment.

Figure 2 illustrates the average stress/strain curve obtained from some of the relaxation
tests and from this curve the proof stresses have been obtained and are recorded in Table
l(b). Table 2 lists the average stress/strain data for nominal strains up to 12%.
Characterization of the plastic flow is obviously of considerable importance in numerical
modelling and the various stress-strain curves obtained experimentally have been
averaged and the Ramberg-Osgood power law [1] used to describe the relationship, as
follows:

a -----------
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S8 = ofE + K(a/E)n

where E is the nominal strain (defined as the fractional change in length)

o is the nominal stress (i.e. based on original area)

E is the tensile modulus, value = 71.0 GPa

K is a constant, value = 10 exp 87.54

n is a constant exponent, value = 41.70

Figure 2 also gives the plot of this equation and demonstrates the quality of the
characterization.

The stress relaxation data are given in Table 3 for nominal strains of 0.04, 0.08 and 0.12,
and they are also plotted in Fig. 3. Excellent representation of each data set was obtained
with a least-squares best-fit second-degree polynomial as can be seen in Fig. 3. The
average best-fit curve for each strain level is plotted in Fig. 4 and the equations
characterizing each curve are given in Table 4. These equations can be used to
determine the relaxed stress at any time for strains within the range tested, and should be
accurate enough for extrapolating to strains and times a little outside those used
experimentally.

5. BENDING TEST

5.1 Specimen and test details

The bending specimen has a nominal 30 mm x 30 mm square test section, and its
geometry is shown in Fig. 5 which also includes the dimensions of the bending jig.
Figure 6 shows the specimen in the test machine before loading and illustrates the
location of some of the strain gauges controlling the test. Strain gauges were mounted
on both top and bottom surfaces and connected to the strain control console of the test
machine. The specimen/jig contact points were liberally coated with grease and the
specimen was given a strain ramp until a certain force was reached at which point the
output of the strain gauges was held constant. The time to reach the pre-determined load
was approximately two minutes. At this stage relaxation was allowed to occur for a
period of about 22 hours (after which time the load was virtually constant), and replicas
of the four deformed surfaces were taken under load.

The total replication time was approximately 90 minutes after which the whole procedure
was repeated, the only change being that the strain ramp rate was slower than previously,
and was such that the next level of pre-determined load was reached also in
approximately two minutes. The various times and loads achieved are given in Table 5.
It is emphasised that at no time was the specimen unloaded; the output of the strain
gauges was either a ramp with time or was held constant. This procedure is illustrated in
Fig. 7.
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5.2 Grids and replication

A grid pattern was applied to each of the four faces of the test section by a photoresist
technique [2]. In the present application the four surfaces of the test section were
polished flat to a 3 micron finish and the photoresist material was sprayed on. The
square grid spacing was nominally 2 mm and the section of the grid pattern which was
central in the test section on each face, and which measured nominally 28 mm by 28 mm,
covered the area used for the displacement measurements. Figure 8 shows photographs
of the grids on the specimen.

Replicas of the grid patterns used a silicone-based precision impression material* with
enough activator to give hardening in about 15 to 20 minutes. The material has a low
enough viscosity to be syringeable and it was forced into perspex holders clamped to the
specimen until the holders were completely filled. The replicating material was left in
the holders after hardening to give it support and make it easier to handle for
measurement of the grids. Figure 9(a) records the replicating set-up and Fig. 9(b) is a
photograph showing the quality of replicating the grid pattern. The photoresist technique
of surface gridding leaves the grid lines slightly proud of the surface thus giving optical
contrast.

As well as direct photography of the grid patterns on each of the four surfaces before any
deformation occurred, replicas were also taken. Replicas were also taken of each of the
four surfaces at each of the deformed lcad levels, as detailed above.

5.3 Coordinate system and grid point designations

For purposes of grid measurements, and to achieve consistency of presentation between
measurement aiid any predictions, it is necessary to designate faces and assign coordinate
systems. The four faces are simply designated I to 4, with faces 2 and 4 being the
compression and tension faces respectively, and faces 1 and 3 being the side faces, as
illustrated in Fig. 10. This figure also gives the coordinate system adopted for each face.
When viewing the faces normally the coordinate directions on each face are identical,
that is by viewing one face and rotating the specimen around its longitudinal axis, the
coordinate directions on any other face appear the same. Therefore the coordinate
directions are not spatially absolute; the positive z- and y-directions are opposite on
opposite faces.

Figure 11 shows diagrammatically the square grid pattern for measurement and
prediction of displacements and the row/column designations. The zero of the
coordinate system is located at row 8, column 8, and is thus, nominally, in the centre of
each face.

* Bayer Xantopren blue dental impression material.
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5.4 Grid measurement technique

The 15 by 15 grid intersections for each face were measured semi-automatically with the
aim of determining the change in x, y, z coordinates, denoted Ax, Ay, Az respectively, for
each intersection, face, and bending moment. The measuring equipment is illustrated in
Fig. 12 and consists of a microscope with micrometer heads for stage translation, an
alignment holder, a CCD camera and visual display unit for image observation, and a PC
for data logging and manipulation.

The procedure for replica alignment and measurement is as follows. The replica, still in
its casting holder, is mounted on the alignment holder which sits on the microscope
translation stage. The alignment holder is capable of rotation and tilt with respect to the
optical axis of the microscope. Correct alignment is obtained when the x- and y-
directions on the replica coincide with the directions of the translation stage, and the
z-direction coincides with the optical axis of the microscope.

The practicalities of alignment rely on the two planes of bending symmetry in the
specimen, the normal of one plane being the x-direction as denoted in Fig. 10, the other
plane normal being the z-direction of faces 1 or 3, both planes being located through the
centre of the specimen, one longitudinal, the other transverse. Because of x-normal
symmetry the plan view of the y-axis of the replica, for any face, should remain a straight
line even after deformation, and hence column 8 is aligned with one of the translation
stage directions by rotation of the alignment holder. This procedure automatically sets
the x-direction by virtue of the manufacture of the microscope translation stage. On
faces 2 and 4, because of the z-normal (faces 1 and 3) symmetry, the plan view of row 8
also remains a straight line and orthogonal to column 8 and can also be used for x- and
y-alignment. On faces 1 and 3, however, the x, y alignment can only be done with
column 8.

Alignment of the z-direction with the optical axis of the microscope, for faces 2 and 4,
uses both x- and z-normal (faces 1 and 3) symmetry. The intersection of row 8 and
column lQ is the- .!;.ther a surface maximurn, minimum, or saddle point, and, for a line of
any direction passing through this point, the z-displacements at equal distances either side
of the point will be equal. Thus, by tilting the alignment holder about two axes, the
z-displacements can be made equal at the four corners of the 15 by 15 grid, or at, say, the
extremities of row 8 or of column 8. In practice, Az values for row 8 and column 8 (and
often for neighbouring rows and columns) were plotted for the various coordinate
positions, and tilts were made to ensure that these plots were as symmetrical as could be
obtained about the row 8 / column 8 intersection - see, for example, Fig. 13. That is, all
of the z-displacements along both x and y axes were used for alignment, not just the four
corner points or the extremities of row or column 8.

The z-direction alignment for faces 1 and 3 is not such a simple matter given that there is
only x-normal symmetry. This symmetry allows partial alignment, and by tilting the
alignment holder the z-displacements are made equal at equivalent intersections along
columns spaced equally from the coordinate zero, say columns I and 15. But there is no
a priori reason why, for faces I and 3, the compression and tension deformations should
be equal or be of the same sign. That is, if the replica is tilted about the axis of row 8
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such that, say, the z-displacements at the extremities of column 8 are equal, it does not
necessarily follow that the surface normal at coordinate zero (row 8 / column 8
intersection) is coincident with the optical axis of the microscope. The practical
procedure is, again, to use plots of Az against coordinate position to guide the tilting.
Tilting about the y-axis enables symmetry to be achieved between columns equidistant
from the coordinate zero. Tilting about the x-axis allows the local region around the
coordinate zero to be constant in Az which is the criterion for the surface normal and the
optical axis to be coincident - see, for example, Fig. 13.

Distances in the x- and y-directions are determined from the respective micrometer heads.
These heads have a digital output which is logged directly into the PC; they have a
reading accuracy of 1 micrometre, and, given the grid and replication quality, the
accuracy of measurement is assessed as being ±1 micrometre. Distances in the
z-direction are measured by employing the focusing knobs of the microscope which also
are calibrated in increments of 1 micrometre. The z-distances are manually entered into
the PC and are assessed as having an accuracy of better than ±5 micrometres. Plastic
bending of the specimen caused local rumpling which is more pronounced at the higher
bending moment. In the rumpled regions the z-distances were measured less accurately
than in other regions.

It is obvious from the above that the x- and y-readings are taken with no allowance for
curvature. That is, the measurements lead to values of Ax and Ay projected onto the
original (undeformed) x-y plane. Values of Az are distances measured from this plane.

5.5 Displacement predictions

To compare with the experimental results, any predictions of the deformations must list
the displacements, Ax, Ay, and Az, with reference to the undeformed x-y plane, for each
of the 15 by 15 grid intersection points. The undeformed grid spacing is to be taken as
exactly 2 mm, with the 15 by 15 pattern on each face located centrally and the
x-coordinate parallel to the longitudinal axis of the specimen. These predictions are to
be made for each of the four faces of the specimen with undeformed dimensions as
shown in Fig. 5 (that is, with the square section dimension equal to 29.98 mm), and for
both load levels applied during the replication periods (that is -89.5 kN and -92.6 kN).

Obviously, because of symmetries, predictions need cover only about one-quarter of the
grid intersection points on faces 2 and 4, and about one-half of the points on either of
faces I and 3. The displacements predicted are to be for the metal specimen; the replica
work described above was a means only of determining metal behaviour, and the renilts
given in Part II have been converted to metal displacements.

Table 6 shows the tabular format of the results that is used in Part II. If predictors wish
the authors to compare the predictions with experiment, the information should be stored
as a text file on a 3.5 inch diskette readable by MS DOS.
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Table 1. Tensile properties in longitudinal direction of
7050-T7451 aluminium alloy

(a) determined by manufacturer

Number of Tests Ultimate Strength Yield Strength Elongation (%)
(M Pa) (MPa)

2 532.533 480,481 10.5, 10.5

(b) determined in present work

0.1 q Proof Stress (M Pa) 481.5

0.2% Proof Stress fM Pa) 489.0



Table 2. Experimental stress-strain data
(average of two specimens)

Stress (MPa) Strain (%)

0.00 0.00
85.22 0.12
165.22 0.23
237.65 0.33
320-64 0.46
39t6.14 0.58
445.66 0.67
466.33 0.72
477.90 0.76
483.01 0.79
487.23 0.85
490.08 0.93
49203 1.01
494.03 1.14
496.87 1.40
500.10 1.75
504.91 2.23
512.03 3.02
517.38 3.67
523.09 4.46
527.08 5.24
529.62 6.05
531 07 6.87
532.89 7.93
532.16 9.15
530.71 10.14
529.26 10.99
526.36 12.02



Table 3. Stress relaxation properties of 7050-T7451
aluminium alloy plate

(a) nominal tensile strain 0.04

Time Stress (MPa)
(minutes)

Specimen Specimen Specimen
KD1G2 KOIG12 KD1G6

0.02 516.5 509.3 505.2
0.08 508.3 501.9 496.9
0.17 505.0 498.1 495.3
0.25 503.3 496.5 491.2
0.33 500.0 494.9 490.4
0.42 499.2 492.4 488.8
0.50 496.7 491.2 487.5
0.58 495.9 490.4 486.3
0.66 495.9 489.9 485.9
0.75 495.5 489.9 484.6

0.83 495.1 487.9 483.8
0.92 494.2 487.9 483.0

1.00 493.5 487.5 482.6
1.17 492.6 486.3 482.2

1.33 491.8 485.5 481.3

1.50 490.9 483.8 480.5

1.66 490.2 483.0 478.9
1.83 489.7 483.0 478.0

2.00 489,3 482.3 477.3
2.50 487.7 479.7 476.3

3.00 485.2 478.4 475.6

3.50 484.4 477.6 474.8

4.00 484.0 477.3 473.5
4.50 483.1 476.0 472.3

5.00 481.9 475.6 471.1

5.50 481.1 475.1 470.7

600 480.3 474.8 470.2

6.50 479.4 474.4 469.4

7.00 479.0 473.5 468.6
7.50 478.6 472.3 468.6
8.00 477.8 471.1 468.2

8.50 477.0 471.1 467.8
9.00 476.5 470.7 467.4

15 472.0 466.5 465.8
21 470.4 463.3 463.6

27 467.9 462.5 461.2
33 466.2 460.0 460.0
39 463.8 457.9 457.3
45 462.2 455.4 456.7
51 461.7 457.1 455.4

57 461.3 455.4 454.6
63 460.5 464.6 454.3

69 459.8 453.4 453.4

75 459.3 453.4
81 458.4 1 453.0 1__

continued



Table 3 (a) continued

Time Stress (MPa)
(minutes)

Specimen Specimen Specimen
KDIG2 KDIG12 KDIG6

87 457.2 452.1
93 457.2 451.8
99 456.7 451.0
105 455.6 450.1
111 455.1 449.3
117 454.7 448.5
123 454.3 447.7
129 453.9
135 453.5
141 453.1
147 452.7
153 452.7
159 452.7
165 452.3
171 451.8
177 451.4
183 451.0
189 450.2
195 449.8
201 449.4
207 449.0
213 449.0
219 448.5
225 448.1
231 447.7
237 447.7
243 447.7
249 447.7
255 447.3
261 446.9
267 446.5
300 445.2
330 444.4
360 444.0



Table 3. Stress relaxation properties of 7050-T7451
aluminium alloy plate

(b) nominal tensile strain 0.08

Time Stress (MPa)
(minutes)

Specimen Specimen
KD1G6 KDIGI2

0.02 517.5 521.6

0.08 509.3 510.5

0.17 503.5 506.4

0.25 499.8 502.7

0.33 497.8 499.4
0.42 495.3 497.8

0.50 494.5 496.5

0.58 492.0 494.5

0.66 491.2 493.6
0.75 490.9 492.0

0.83 490.4 491.2
0.92 489.5 490.4

1.00 487.9 489.9
1.17 486.3 487.9

1.33 485.5 486.3
1.50 484.6 485.5

1.66 483.0 485.0
1.83 482.2 483.4

2.00 481.7 483.0

2.50 478.9 479.7

3.00 476.4 478.0
3.50 475.6 477.3

4.00 474.8 475.6

4.50 474.0 475.1

5.00 472.3 473.5

5.50 470.7 472.3

6.00 469.8 471.1

6.50 469.4 470.7

7.00 469.0 469.8
7.50 468.2 469.0
8.00 467.4 468.6

8.50 466.9 467.4

9.00 466.5 467.4
15 461.6

21 457.5

27 455.0
33 453.4
39 451.0
45 449.3
51 447.7
57 446.0
63 446.2
69 445.2
75 444.4
81 443.5 _ __

continued



Table 3 (b)continued

Time Stress (MPa)
(minutes)

Specimen Specimen
KDIG6 KDIG12

87 442.8
93 441.9
99 441.1
105 440.3
111 439.5
117 440.1
123 439.5
129 439.0
135 438.6
141 437.8
147 437.8
153 437.8
159 437.4
165 437.0
171 436.6
177 436.6
183 435.3
189 435.3
195 434.5
201 434.5
207 434.5
213 434.5
219 433.7
225 433.7
231 432.9
237 432.9
243 432.9
249 432.9
255 432.0
261 432.0
267 431.3
300 429.6
330 428.3
360 427.1
390 425.5
420 425.5
450 425.5
480 424.7
510 424.7
540 423.0
570 421.4
600 423.0
630 421.3
660 420.7
690 421.8
720 418.1
750 418.1
780 418.1 1

continued



Table 3 (b) continued

Time Stress (MPa)
(minutes)

Specimen Specimen
KDIG6 KDIGI2

810 418.1
840 418.1
870 417.3
900 417.3
930 417.3
960 416.5
990 416.5
1020 416.5
1050 414.8
1080 414.8
1110 414.0



Table 3. Stress relaxation properties of 7050-T7451
aluminium alloy plate

(c) nominal tensile strain 0.12

Time Stress (MPa)
(minutes)

Specimen Specimen Specimen Specimen
KD1GIO KDIG6 KDIG12 KDIG3

0.02 502.3 506.8 511.3 522.7
0.08 492.8 495.3 500.6 506.3
0.17 487.5 490.4 495.3 499.8
0.25 483.4 487.9 491.6 496.5
0.33 481.7 486.3 490.8 493.9
0.42 479.7 483.8 488.3 492.6
0.50 478.4 481.3 486.6 491.3
0.58 477.3 480.5 486.3 489.4
0.66 475.1 478.4 484.2 488.0
0.75 474.0 478.0 483.4 487.4
0.83 473.1 477.3 483.0 484.8
0.92 472.3 475.6 482.6 484.1
1.00 471.5 475.1 480.5 483.5
1.17 469.8 474.8 478.9 482.2
1.33 469.0 473.5 478.0 480.2
1.50 466.9 472.7 476.4 479.6
1.66 466.5 471.1 475.6 478.9
1.83 466.1 469.8 474.8 476.3
2.00 465.3 '469.0 474.4 476.3
2.50 462.5 466.5 471.9 473.0
3.00 460.4 464.9 469.8 471.7
3.50 459.2 462.9 469.4 469.8
4.00 457.5 462.5 467.4 467.8
4.50 456.3 461.6 465.8 467.1
5.00 455.0 460.0 464.9 466.5
5.50 454.3 459.2 462.5 465.2
6.00 452.1 458.3 462.5 463.9
6.50 450.1 457.5 461.6 463.4
7.00 449.5 456.7 461.2 462.6
7.50 449.3 455.0 460.0 461.8
8.00 448.5 454.3 459.2 461.1
8.50 447 7 454.3 458.3 460.4
9.00 446.0 453.4 457.9 460.0
15 441.9 448.5
21 440.3 445.2
27 437.4 441.9
33 435.3 437.8
39 434.5 437.0
45 433.7 437.0
51 432.0 435.3
57 430.4 434.1
63 429.2 432.0
69 428.8 432.0
75 426.3 431.3
81 425.1 429.6 1 1

continued



Table 3 (c) continued

Time Stress (MPa)
(minutes)

Specimen Specimen Specimen Specimen

KDIG10 KDIG6 KDIGI2 KDIG3

87 424.7 428.8
93 423.8 4284
99 423.0 428.0
105 422.2 428.0
111 421.4 426.7
117 420.5 425.5
123 420.5 424.7
129 419.8
135 419.3
141 418.1
147 417.3
153 416.9
159 416.5



Table 4. Polynomial best-fit coefficients for stress relaxation

of 7050-T7451 aluminium alloy plate

Stress (MPa) = a + b log 0[time(minutes)] + c log,0[time(minutes)12

Nominal Specimen Polynomial Coefficients
Strain Number

a b c

0.04 KDIG2 493.419 -15.7861 -1.41180
KDI1G6 482.590 -14.7506 -0.58384
KDIG12 487.006 -15.5682 -1.38604

Av. 487.672 -15.3683 -1 .12743

0.08 KDI(;6 487.454 -20.8112 -1.01270
KDIGI12 489.556 -21.9139 -1.79156

Av. 488.505 -21.3626 -1.40213

0.12 KDI(;3 483.238 -23.7869 -0.80403
KDI(;6 475.389 -21.0385 -1.49201
KDIG10 470.924 -21.6515 -1.23745
KD!Gi2 480.653 -21.4525 -2.27794

A%. 477.551 -21.9824 -1.45286

I



Table 5. Bend test load/time data

Strain Ramp Replication

Ramp order Elapsed time Maximum load Elapsed time Load during
applied achieved (at end commenced replication

of ramp and period
(hour) before (hour)

relaxation) (kN)

(kN)

first zero -91.2 22 -89.5

second 24 -98.3 46 -92.6



Table 6. Prediction reporting format

(a) A x (mm)
(i) steady load = - 89.5kN

Row Column A x (mm)

Face 1* Face 2 Face 4
1#.### #.### #.###
1 2 #.## #.## #.###
1 3 #.### #.### #.###
1 4 #.### #.### #.###
1 5 #.### #.### #.###
1 6 #.### #.### #.###
1 7 #.### #.## #.###
1 8 #.## #.### #.##
2 1 #.### #.### #.###
2 2 #.### #.# ##
2 3 #.### #.###

8 7 #.### #.### #.###
8 8 #.### #.### #.###
9 1
9 2

15 6
15 7 #.###
15 8 #.###

* Predicted Face 1 and Face 3 displacements are equal;

results expressed in Face 1 orientation

Same tabular arrangement for each of the other conditions, namely, for:

(a) A x(mm)
(ii) steady load = -92.6kN

(b) A y (mm)
(i) steady load = -89.5kN

(b) A y (mm)

(ii) steady load = -92.6kN

(c) A z (rm)
(i) steady load = -89.5kN

(c) A z (mm)
(ii) steady load = -92.6kN
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Fig. 1. Tensile and stress relaxation specimen.
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Fig. 2. Experimental and modelled stress-strain curves
7050-T7451 aluminium alloy.
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Fig. 3. Stress relaxation of 7050-T7451 aluminium alloy plate.
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Fig. 3. Stress relaxation of 7050-T7451 aluminium alloy plate.
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Fig. 3. Stress relaxation of 7050-17451 aluminium alloy plate.
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Specimen and jig
arranged symmetrically

Top-grip end (fixed)
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(b) Test jig
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Fig. 5. Test arrangement and geometry for 4-point
bending specimen.



Fig. 6. Bend specimen in 4-point test jig
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Fig. 7. Bend specimen loading history.
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Fig. 8. 2mm square grid pattern on specimen surfaces
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(a) replicating set-up on bend specimen

••~ ~ý tP••mOU

(b) grid pattern on replica

Fig. 9. Replication of photoresist grid pattern
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Fig. 10. Specimen face and coordinate designations.jt
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Fig. 11. Grid coordinate designations.
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Fig. 12. Grid measuring equipment
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Fig. 13. Z-displacement plots aiding replica alignment.
(The points shown here have been inverted in
sign to give values appropriate to the metal
surface).
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