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FOREWORD

This report wes prepared by the Nereir Division of Northrop Corporstion
under USAF Contract No. AF 33(616)-5769. This contrect is a continuation
of a previous contract, AF 33(616)-3C28, This contrsct was initlated under
Project No. 7360, "materisls Analysis and Evaluation Techniques", Task No,
73A04, "Fatigue and Creap of Mzterisle," The prograk wes administered under
the dirsction of the Materials Central, Directorste of Advanced Systemv Tech-
nology, Wright Air Development Division, with Mr, L. F. Klinger aoting as
project engineer,

This report covers work conducted from May 1958 to September 1959,

Norair personnel responsitle for this yrogrem inoluded Messrs. D. M,
Badger, C. D, Brownlield, and J, V, Griffin. The contributioms of Metsl
Control Laboratories of Hummtingtom Perk, Celifornis, in their capacity as
testing subcontractor are gratefully ackmovledged, Primary tecbnical person-
nel on this progrem at Metel Control Laboratories consisted of Messrs, R, B,
Clark and J, N, Vinatieri,

Acknowledgement 1s alsc givem to the suthors of Part I for their con-
struotive suggestions in this astudy.

This repart is 1dentified at Norair as WOR 60-16,
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ABSTHACT

A study has besn made on the problem of predicting strengti of a
har sened metal alloy after subjection to variable thermal and stress environ- -
, ments severe enocugh to cause permanent loss of properties. Methods have been ‘
developed for predicting tensile ultimate, tensile yield, and compressive
yield strengths of 7075~-T6 aluminum alloy after single or multipie exposures
to various conditions of temperature and stress. An analytical expression
suitable for automatic computing machine use has also been developec.

The results of tensile and compressive tests on alclad 7075-T6 aluminum
alloy showed that stresses large enough to produce inelastic creep strain dur-
ing thermal exposure cause reduction in residual strength after exposure.
The test results Lave been used to establish the usefulness of the lLarson-
Miller exposure parameter for correlating residual strength after siuple
and complex, stressed and unstressed exposures. s

PUBLICATION REVIEW
This report has been reviewed und is approved.

FOR THE COMMANDER:

RN

W. J. TRaPP

Chief, Strength and Dynamics Branch
Metals and Ceremiou Laboratory
Materials Centrul
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NOMENCLATCRE

Units
For-F1!
D FoF i7 , strength teterinration ractor lescribing r.y - -
t I " in terms of its relationship to the strength
interval between F¢ and ) at any temnerature Tg. .
, Fe Strength (Fyy, Fty, or Fcy) at any tcmperature Te with psi )
no previous exposure tc temrerature,
Ver St.rength (Fyy, Fty, or Fcy) at any temperature T¢ after psi ’
exposure to Te.
F1 Strength (Fry, Fiy, or Fcy) at the given temperature psi
after exposure to a reference exposure condition. v
Fru Tensile ultimate strength psi
Fry Tensile yield strength pei
Fcy Compressive yield strength ped
Re Strength reduction factor combining exposure tempsra- - -
ture effects and test temperature effects. Ratio of
strength-at-temperature-after-exposure to original-
roam-temperature-strength.
Re Strength reduction factor for effect of stress during - -
exposure. Ratio of strength-after-stressed-exposure
to strength-after-unstressed-exposure at the same
value of Q. \
R.T. (Subsc=ipt) room temperature -- R
Te Teapsrature c¢f exposure oF or °2
Te Temperature of strength test or of design condition or
after exposure.
t Time hours
o Larson-Miller exposure parameter expressing equivalent (T &n °n)
combinations of exposure tempurature and exposure v
time, 0 = T (C o log)g L)
] T(17 +» logyn t), the specific variation of O used in (T 1n %n)
17 this reporl? \
)] T(20 « 1.46 log)y t), the variation used for 2075-T6 (T in °n)
in Part I.
€ Inelastic strain remaining after creep exposure. £
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INTRODUCTION

Modern flight vehicles are sometimes subjected to such severe thermal
environments that the materials of which they are constructed suffer permanent
loss in strength. Typically, these materials are hardened metal alloys which
progressively lose strength during periods of exposure to temperatures at which
the hardening mechanism is unstable. If stress is also present during the thermal
exposure, as is often the case, this can have a further damaging effect on
strength. Efficient design for such severz temperatures therefore requires a
knowledge of how to predict the residual strength of structural materials after
exposure to various histories of temperature and stress.

In the study reporied here, empirical methods were established for
predicting residual strength of aluminum alloy 7075-T6é in tension and in com-
pression after such exposures. These methods are extensions of the approaches
established by Fortney and Avery in Part I on aluminum alloys 7075-T6 and 2024-T3.
The choice of 7075-T6 for the present study was made recognizing that this
material is finding considerable use in moderate temperature applications and
some use for limited times in higher temperature applications. Cost factors
often make an aluminum alloy the best choice of materials for severe thermal
and stress environments, providing accurate strength data are available. The
methods of analysis developed in this study allow the use of the subject
material to its practical limit in high temperature design.

In the most general form, these methods are based on curves which attempt
to describe the characteristic deterioration or retrogression of strength with
exposure, from fully hardened values toward annealed values. For unstressed
exposures of 7075-T6 it was found that a single curve could be used to adequately
describe characteristic deterioration of all strength properties considered
(tensile yield and ultimate, and compressive yield) throughout most of the ex-
posure range. For str.ssed exposures the same approach was used with modifications.
Analytical methods for design use based on these curves are given in a special
section presented early in this repoart.

For many other hardened materials it is considered likely that similar
characteristic curves can be generated by applying the methods developed in this
study. For materials which respond to thermal exposure in a more complex
fashion than 7075-Té6 or which have a markedly different response to stress
during exposure, these methods would have to be modified, possibly toward a
less general type of final curve.

The empirical approach used to define ths characteristics of 7075-T6 in
this study was ac follows: .063 inch Alclad sheet coupons were subjected to a
variety of exposure conditions and then tested at selected temperatures to
detemine residual short-time strength. Stressed exposures were studied by
applying tensile stress during exposure with the amount of stress chosen to
produce up to 1 percent inelastic strain -- about the practical limit for design
based on short-time strength after exposure.

Manuscript released by the iuthors October 1959 for publication as a WADC
Technical Report.
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The scope of the aingle exposure wag:

Temp. range 250-600°F
Time range 1-100 bhr
Stress range  0-50,000 psi (tension)#

The scope of multiple exposures was:

Temp, range 275-4,00°F
Time range 3.5-340 hr
Stress range to 1 percent accumulated inelastic strain

The rariety of multiple exposures included:

l-step, 2-step, 3-step, 4-ste,. and 10-step sequences

Increasing temperature sequences

Decreasing temperature sequences

Mixed sequences

Stressed sequences to various strain levels

Stressed sequences with zero-stress soaking periods at start or erd

=3
>
5

acope of final test conditions after exposure included:

Several mechanical properties: Fi,, Fiy, Fcy» percent elongation, hardness
260, 38(‘, LOO®F

Several test temperatures: R.T.,
One strain rate: .01 in./in,/min. *» yield
then: +01-.05 in./in./min.

The presentation of information in this repcrt is oriented from the stand-
point of design use. Major results are presented first followed by substantiation
and detailed descriptions. Illustrative material is grouped together at the end
of the report for convenience in following references frequently repeated
throughout the report. This places the graphs of final results (Figure 17 through
20) which are most useful for design applications just inside the back cover where
they can be found quickly.

#Note: A spot-check of the effect of compressive exposure stress was also
included.

WADC TR 56-585 Pt II

[N




=2aCh TROUND

Erpirical methods fur predicting residual strength of twe aircraft
structural materials afi{er exposures tc temperature alone, without stress
nave peen developed in the first phase of this work, reported by rortney
and Avery in WADC Technical Report 56-585, Part I. The subject materials
were 2024-T3 and alclad 7075-Té aluminum alloys, and strengths in tension
only wer: considered. The use of the larson-Miller time—-temperautre para-
meter Jor predicting the total effect of a sequence of differing unstressed
exposures was successfully demonstrated in the aforementioned report. ix-
vension of thes: methods to the case of s’ressed exposures and to design
mechanical properties other than yield and ultimate strengths in tension
was the purpose of the study reported here. Other studies, on alloys other
than 7075-T6, have considered effects of prior creep on subsequent strength
for creep strains ranging above about C.5 percent (References 4, 5, and 6).
None of these referenced studies were primarily concerned with development
of methods for accovnting for prior creep exposure effects in practical
design -ases.

WADC TR 56-585 Pt Il




CONILUSIONS

~ numper c¢f valuable conclusions can be drawn from the results cbtaine?
in the studr. The limitations of these conclusions are cited in the text,

1. Strees apnlied during severe thermal exposure can significantly
accelerate deterioration of strength in 7075-T6 (retrogression of
strength level toward the level of the annecled state).

The degree of strength reduction due to exposure stress is associate
with the amount of irelastic strain accumulated during cxposire. It
is dependent upon the total degree of thermal exposure but i1s affected
cnly slightly by manner of exposure accumulation for the cases
investigated.

The Larson-Miller exposure parameter can be used to define equivalent
single exposures for determining residual tensiie ulcimate, tensile
yieid, and compressive yield strengths after single or multiple
stressed or unstressed thermal exposures.

The general strength deterioration characteristics of 7075-T6 can be
adequately represerted oun a single curve. Tensile ultimate, tensile
yield, and compressive yield strengths and all final test temperatures
are reflected in this curve. For stressed exposures, separate cuives
are required foi different degrees of straining during exposure.

Based on these findings, analytical methods for determining allowable
strengths in practical design situations have been developed. These are
presented in the fcllowing section, together with limitations on their usage.
Substantiation of both the conclusions and the methods can be found under
experimental results.

WADC TR 56-585 Pt 11




ANALYTIUAL METHONS FOR DESIGN

in practical design situations it is sometimes necessary to predict
allowable short-time strength after complex histcries of temperatires severe
enough to cause partial annealing and of stress severe enough to cause creep.
"Short-time™ or "static' failures as oppesea to 'creep™ failures are a likeli-
hood fer environments in which there is considerable variation in the severity
of stress~-temperature cvcles, and in which the severe stresses are of short
duration. Such environments may or may not produce amounts of creep signi-
ficant from the standpoint of design.

Analytical procedures for assessment of strength under such conditions
are presented here. In the approach used, the failure is artifically separated
from the gpectrum, and thereby the effects of the prior history on the allowable
strength remaining may be defined. The prior history is simplified by com-
puting an equivalent exposure value for the temperature spectrum alone and by
accounting for the effects of creep separately.

To find equivalent thermal exposures, the Larson-Miller exposure
parameter, 6, is used:

6 = T(C +1of t) (1)
where T is temperature in degrees Rankine, t is time in hours, and C is a

constant. For the 7075-T6 data used in this report, the best value of C has
been found to be 17, and the parameter becomes:

17 = T(17 + log t) (2)

Given an actual spectrum of temperature exposures, the first step in
computing the equivalent total exposure for 7075-T6 is to reduce each increment
of exposurs in the spectrum to a value of 0)7 using equation (2). Next, a
single reference temperature, Tpesr is chosen arbitrarily, prefersbly within
*he temperature range of the spectrun. The equivalent time at this temperature
is computed using equation (2) for each of the previously determined values of
©17. Adding the results gives the total equivalent time at Tpes for the entire
spectrum, as shown below:

Given Spectrum ° Find Time at Tpar
T, t1 (®17)1 Equiv t)
T2 Y2 (617)2 Equiv t
T3, t3 (017)3 Equiv t3

Total Equiv. Time

WADC TR 56-585 Pt 1I




“ne equivalent total taermal exposure, &~ is now computed directly from
cquatior (2) using th: total equivaleni time and the reference temperature.

The evaluation of a spectrum can be considerably simplified by using
Figure 21. With this diagram the only calculation required for the above
example is addition of the equivalent times at Tref‘

Once the equivalent total exposure is known, the assessment of its
effect (if any) on strength can be made. It is useful to separately identify
the major sources of strength reduction encountered. Strength is reduced as
a result of: (1) duration of exposure to a sufficiently high temperature and
(2) temperature at the time of failure. Combining these two effects, the
residual strength after temperature exposure and at a given test temperature
can be expressed as a function of original room temperature strength, as
foliows:

Fef = RT FR.T. (3)

where Fop is residual strength (Ftus Fiys etc.), Ry is a strength reduction
factor combining exposure temperature e¥fects ard test temperature cffects
ard Fg,r, is the original room temperature strength.

Stress during exposure, especially if high enough to cause inelastic
strain, is another factor which may affect residual or final strength. It will
be seen that stress did have a significant effect on the 7075-T6 material tested
in this work. Including this factor, equation (3) above becomes,

Fer = Rr Re¢ Fg,T, (&)

where R¢ 1is a strength reduction.festzi for the effect of strain accumulated
during stressed exposurca.

Values of Ry Re , and RyR¢ obtained for 7075-T6é are shown in
Figures 16 and 17 piotted against exposure value ©17. These were obtained
from a program of single exposure tests and checked at key points by program
of sequential exposure tests. Fy,, Fyy or Foy values may be determined for a
variety of exposure conditions and test temperatures using these data amd
equation (4). The Fg,T, value used is the corresponding allowable room temper-
ature Fy, Fty or Fey (see Reference 7). Limitations on the use of these data
are discussed at the end of this section.

It can be readily seen that tne curves of Figure 17 are not sufficiently
general in application to cover all test temperatures and exposure conditions
which are practical for this material. A more general strength deterioration
factor has been developed for 7075-Té which relates all three types of strength
Fiys Fty, and Fey (and possibly others not tested) at all test temperatures.
This factor is shown plotted in Figure 20(a) against exposure value 817. In
general terms, it represents a relative strength value where 1.0 is the fully
hardened strength and zero is a reference (nearly annealed) strength. This
atrength deterisration factor, D, is:

Jer Tl (5)
Fe~F1 Tf

D=

WADC TR 5¢-585 Pt II ¢




in which Fgop is the strength as tested after a given exposurs, Fpois the original
(fully hardened) strength, Fy is the reference (nearly annealed) strength, and
Ty is test temperature. For a given value of U, the Fgp, Iy and £} values must
a’ e the same type of mechariral strength (Fy,, fyyy or Fcy) and obtained at

the same test temperature, Tg.

When Figure 20(a) is used as a design curve, Fo¢ is the unknown residual
strength tu be detsrmined. Rearranging equation (5) for this purpese gives,

Fer = D Fp + (1-D) I
Tp (6)

The appropriate value of D is obtained from Figure 20(a) for the particular total
exposure value 017 (obtained as before). Appropriate values of Ff and Fy are
chosen from Figure 19.

Notice that Fqp here is for the unstressed exposure case if U is taken
from Figure 20(a). The same equation applies to stressed exposure cases if
appropriate values of D are substituted. These are provided in Figure 20(b)
for two stressed exposure cases involving, respectively, 0.2 percent and
1.0 percent inelastic strain accumulated during exposure. The proper value of
D from Figure 20(b) is used in equation (6) above with appropriate vilues of
F¢ and Fy from Figure 19 (as in the unstressed case) to find Fef for a stressed
axposure case.

No further explicit accounting for the effects of stress during exposure
is necessary. For illustration, assume a design which meets the usual aircraft
design criteria of 0.2 percent inelastic strain, as substantiated by methods not
covered in this report. Then, any effects on residual strength of a spectrum
of conditions within the design envelope are covered by use of the D value for
0.2 percent inelastic strain., limitations are discussed at the end of this
section.

For automatic camputing purposes, an analytical expression is usually
preferable +> an empirical curve. Referring to Figure 20(a), an expression
which fi%s the 7075-T6 data for unstressed exposure quite well throughout most
of the axposure range and which relates D to €7 is:

34,800
D= Z ~- 0202 (7)
(017 - 12,920)% + 28,950

(13,000 £ @), $ 17,500
This value of D can be used in place of Figure 20(a) for unstressed exposures i
and Fof an be found as before.

The added influence of stress during exposure can be taken into account
by & vimple correction which will suffice for many practical design situations. .
For axample, assune that the design criteria restricts accumulated inelastic .
strain to 0.2 percent. From Figure 20(b) it can be estimated that for a
consldorable range of exposure values above 017 w 14,500, the effect of this

WADC 1 56-585 Pt 11 7




. rree 2l jnelastic strain is the same ag adding a smal! increment of exposure
value, approximztely

8817 = 100

"he new value of D can then be found using equation (7) above with the corrected
value of 819, in this case 677 + 100, as

i 34,800
= (817 - 12,820)% + 28,950

- 0.202 (8)

D

(14,500 < 637 £ 17,500)

If accumulated inelastic strains significantly larger than 0.2 percent
are permitted, a larger correction must be made. To correct for 1.0 percent
strain, the appropriate increment of ;7 can be estimated from the curves of
Figure 20(b) for each mechanical property. In many calculations, an average
correcticn for the three properties will suffice and will simplify the
calculations. In this case, for €17 > 14,500,

A017 = 250

may be used in equation (7) as in the previous case, and:

34,800 }
D = 7017 - 12,670)% + 28,950

(14,500 € 937 < 17,500)

0.202 (9)

For 817 values between 13000 and 14,500 the appropriate curve should be
chosen from FZgure 20(b) to suit the design conditions. For automatic computing
purposes the chosen curve can be represented either analytically as was done
above or as a set of coordinate values.,

The effect of inelastic strain beyond 1 percent is not considered since
prior creep strains of this magnitude are not likely to be permitted (except
in very local areas) in cases where short-time strength is required after creep
exposure.

It should be noted that the inelastic strain values of 0.2 percent and
1.0 percent used in this report are the strain accumulated during exposure only.
The yield strength tests produce an additional inelastic strain of 0.2 percent.
Thus, yield strength curves for 0.2 and 1.0 percent strain during exposure
actually represent 0.4 and 1.2 percent total inelastic strain, respectively.
The exposure stress was considered separately to provide a consistent treatment
of yield and ultimate strength results. For a vehicle designed to criteria
restricting inelastic strain to 0.2 percent total from any and all sources,
the above methods would be conservative.

The above methods have some limitations and also poseibilities of ex-
tension. These are outlined below.

WADC Tt 56-585 Pt II




¥igure 20{b) shows that there is conaiderahle difference between the
stressed exposure curves for Fiy, Fty, and Foy, for exposures below 8, = 14,000.
Here there is a very noticeable Bauschinger-type effect, which has a greater
influence on strength than the factor of acceleration of the aging process
through straining. In this region, only two exposure conditions were studied
and the effect is only approximately defined. However, this effect is usually
not taken into consideration in design except when yield strength is reduced
(i.e.+ when directian of teatine is obposite to that of the original straining).
The compressive yield curve for 1.0 percent strain can be considered an approxi-
mate minimum curve tor cases of this type, providing stresses during exposure
are no more severe (in causing strain) than used in the 300°F-1 hour conditlon
tested,

Material variation must be considered in applying the results of this
study. The curves of Figures 17 and 20 are representative only of the material
tested in thie investigation and should not therefore ve used directly as
minimum design curves. There is significant variation in the response of
various lots of the subject allioy to exposure in addition to the normal vari-
ation in room temperature properties (see pg. 17). A suggested method of
reducing strength values obtained from these curves to minimum allowable
strengths is by reference to minimum design curves for 7075-T6 such as
provided in Refererce 7 (Mil Handbook-5). Comparison between equivalent data
from this report and from the minimum design curves will indicate necessary
ad justments in the curves of rigures 17 and 20. A better solution would be
the development of true minimum curves of D versus @. This could be done using
the methods developed in this investigation, and, for the most part, existing
data on 7075-T6.

It is felt that justification exists for cautious extension of most of
the results to the case of compressive creep exposures. In the compressive creep
exposure check test, 0.3 percent compressive :reep strain had about the same
effect on compressive yield strength as & like amount of tensile creep in the
same intermediate exposure range (see Table VIII). It is rot certain that like
ayreement would be obtainsd for larger amounts of strain. Also, it is probable
bul not certain that the Bauschinger-type effects noted for exposure values
below 617 = 14,000 would be of the sams magnitude for atraining in compression
as in tension. If Figure 20(b) is used to estimate the effect of compressive
creep during exposure, the compressive yield curve should be used as the tensile
yield curve, and vice-versa. This i» to account for the reversal of
Bauschinger-type effects.

Investigation of shear and bearing strengths was beyond the acope of
this present work. However independent studies (not reported) using 7075-Té
shear and bearing data frca nReference 8 have shown promise for application of
Figure 20 to these failure modes. Until this is verified, shear and bearing
strengths for unstressed exposu:es can be found from appropriate ratios to
tensile values obtained for the given design conditions. It should be noted
that these ratios are affected by test temperature and by approximate degree
of exposure. Further studies of shear and bearing strengths after stressed
and unstressed exposures are planned for further extennion of this work.
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Care should b axercised in applying the results of the study to
cutniltlons outside the scupe of the twest prograwe. iigh rates of straining
followea vy trosting in the direction opposite to that of the straining is one
possible area for cautione another such area is that of multiple tensile
otressed exposures fullowed by testing in compression. In tests of this type,
compressive yiela strength was depressed slightly beyond expected values, most
noticeably in the ier part sequence tests. I is not certain whether further
strengun logs might be caused by increasing numbers of cycles or even whether
the effect is real. Care is therefore recommended in extending these results
to much more compliex sequences followed by compressive loading. For unstressed
exposures, and for tensile properties following tensile stregsed exposures the
results indicate that extension to more complex sequences than those tested
should be safe.
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AL S HONTAL hsoULTs

The foregoing conclusioas and methods are baged cn the resulis of ithe
test. program outlined in Tables 1 and 1l. The purposes of the various tests
are discussed below, then detail; of the program and the results obtained are
presented and reviewsd under the follcowing sub-headings, in conjunction with
the tables and graphs at the end »[ this report:

Test Materials and Basic Properties

Craep Characteristics of Material

Tabulated Hesults

Material Fesponse to Thermal cxpousre Without Stress
dxposure Parameter Re-evzluation

Effects of Stress During 3ingle ctxposures

Effects of Stress lLuring Multiple dxposures
Variation of Stress Effacts iri'h Degree of Exposure
Residual Strength After Single Exposures

Accuracy of Prediction of Multiple Exposure Results
Generalization of HResults

e o o & o o & @ o ¢«

Bach test consisted of two principal parts for all exposure conditions,
single or sequential:

Lxposure of Sepcimeng -- Specimens were subjacted to onm of the
selected temperature-time, or temperature-time-stress exposure
conditions or schedules of conditions.

Strength Testing After ixposure -- Standard short-time tensile and

compressive tests were performed at room temperaturs or at one of
the selected test temperaturos.

The bagic tests are the single exposure tests given in Table I. These tests
provide data on stressed exposures, and they also form the foundation for
examination of multiple exposures. The multiple exposure test program is
presented in Table Il.

Exposure temperatures, times, and stress levels shown in Table I were
chosen to survey the effects of ptressed exposure throughout the unstable
range of the material from the T-6 condition to the nearly annealed condition.
They were also chosen with the possibility in mind of using the iarson-iiller
exposure parametar for stressed exp.sure cases as was done in Part 1 for
unstressed exposure cases. In two cases, combinatiuns of exposure time anc
temperature were appruximately matched in total exposure value by two cther
combinations; this was done to check the assumed value of the constant C in
the larson-Miller exposure parameter. Values of this parameter using C = 17
(determination of whirh is discupsed later) are presented for each agposure
condition in the first column.

Exposure stress lovels shown were established through creep tests and
creep correlation methods. The target inelastic strain values were chosen to
cover the range of anticipsted practical use in deaign -—— from & lower value
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at half of the commonly uged 0.2 percent to an upper value of 1.0 percent.
Tensile exposure stress was used throughout to study stressed exposure
relationships, and a spot-check case of compressive exposure stress was
included.

The final test temperatures after exposure were selected to cover the
temperature range of practical usage of the alloy with a minimum of tests
as assisted by generalizing procedures.

Table II presents the multiple exposure tests. These tests provide
data on a wide variety of sequential exposure conditions. The descriptions
given in the table identify the main characteristics of the sequences
chogen, Increasing and decreasing temperature trends at low, high, and zero
stress levels at key values of total exposure are represented, es are some
special cases with zero stress in the first or last step. Sequences range

from two steps to ten steps.

Exposure temperatures and times were chosen to provide the desired
total exposure and also to cause a significant change in properties in each
step. The upper and lower limits of time used were 100 hrs. and 3.5 hrs.,
respectively, and temperatures ranged from 275°F to 4LOO9F. Sequence total
exposure values were chosen to approximately match the single exposure
cases which had been checked by two different combinations of temperature

and time.

Sequential exposure stress levels were established to give the indi-
cated target strain values in the total sequence and also to produce
significant strain in each of the stressed exposure steps.

Test temperatures after sequential exposures duplicated those of the
single exposure program and were chosen with similar objectives. However,
it was found that reductions in the nurber of final test temperatures could

be effected without compromising objectives.

Test Material and Basic Properties

Test material for the entire program was 7075-T6 alclad aluminum allyy.
Three .063 inches thick, 48 x 144 inch sheets of this material in the as-supplisd
T6 temper were used from Northrop Corporation production warehouse stock. All
were from the same box of sheets from the material supplier.

The chemical analysis of eachof the sheets, shown below, was well
within the applicable specification (QQ-A-287) limits. Analyses were performed
cn a3 direct reading spectrograph.
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PEKRCENT OF ALLOYING ELEMENTS

Llement QQ-A-287 Limits Sheet A Sheet B Sheet C
Copper 1.2-2.C 1.70 1.60, 1.68 1.63
Magnesium 2-1"249 2076 2066, 2058 2.70
Zinc 5.1-6.1 5.40 5.52, 5..8 5.50
Chromium 0.18-0.40 0.22 . 0.22, 0.21 0.22
Iron . - - 0470 max 0.10 0.18, 0.19 0.15
Silicon 0.50 max 0.06 0.05, 0.06 0.07
Manganese 0.30 max 0.10 0.09, 0.09 0.08
Titanium 0.20 max 0.02 : 0.02, 0.03 0.04
Aluminum Balance Balance Balance Balance

The microstructure of the test material was found to be typical of 7075 in
the T-6 conditior. Thickness of cladding was approximately 4 percent of the
sheet thiclness per side. A number of room temperature tensile tests

were performed on as-received (unexposed) material from each sheet. All were

well within the requirements of QQ-A-287.

Room and elevated temperature tensile and compressive properties of
the test material before exposure are presented in Table III. The prefixes
A, B, and C in the specimen nomenclature denote sheets A, B, and C which
were utilized for the single exposure, tension; the multiple exposure,
tension; and the compression program tests, respectively. The room tempera-
ture tensile tests performed on sheet A represent a survey of the sheet
tensile properties. A total of 36 tensile tests were performed, to determine
sheet variation and to provide tests to which nearby specimens exposed and
tested could be compared. The latter improved accuracy in evaluating strength
reduction factors in cases where strength values were near the original un-
exposed strergth. The survey results are also shown in Figure 11, relating
test values to location in the sheet. Variation in sheet A tensile properties
was about average. The mean strength levei was close to an universal mean for

the same alloy and gage.

The aver- room temperature tensile properties of sheets B and C were
approximately the same as sheet A. Room temperature compressive properties
were determined only for sheet C. The average compressive yield of sheet C
was 8.6 percent higher than its tensile y‘eld, which is about normal.

Elevated temperature tensile and campressive tests in Table III are
for unexposed specimens that have been heated to test temperature in a
standard time of 12 minutes, from start of heating to start of loading.
These data are shown plotted against temperature in Figure 19 (Fp curves).

Creep Characteristics of Material

Some knowledge of the creep characteristics of the material used in
this study was needed to establish stress levels which would give the target
values of strain during streased exposure conditions. This need was filled
by data from the literature and bty check tests on each sheet of material,
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Further refinements were required in methods for detemmining stress
levels for succeeding steps in multiple exposure conditions. This was
necessary because it was found that the creep strength of the material
tended to decrease with progressive softening due to exposure. The strain
values achieved.during the various stressed single and multiple exposures
are recorded in the tables of results. Analysis of creep characteristics
is beyond the scope of this report.

Tabulated Results

The results of the experimental program-are listed in Tables IV
through XVI in the following order:

Table Expoaure Condition Final Nominal Test
No. (Stressed & Unstressed) Test Temperature
IV Single Exposure Tension ReTe
v Single Exposure Tension 200°F
VI Single Exposure Tension 300°F
VII Single Exposure Tension LOOOF
VIII Single Exposure Compression R.T.

IX Single Exposure Compression 200°F
X Single Exposure Compression 300°F
XI Single Exposure Compression 4LOO®F
XI1I Sequential Exposures Tension ReTo

XIII Sequential Exposures Tension 300°F
X1v Sequential Exposures Tension 4LOOOF
Xxv Sequential Exposures Compression ReTe

Xv1 Sequential Exposures Compression 300°F

The single exposure tables describe for each specimen the nominal and
actual exposure conditions, the actual temperatures of testing after exposure,
and the test results obtained. Actual exposure conditions consist of actual
exposure temperature (the average temperature of the entire exposure) and the
actual total inelastic strain obtsined. The values of Larson-Miller exposure
parameter 617 are also shown.

Similarly, actual test temperatures are distinguished from nominal; it
was found that at LOO®F very small deviations in test temperature could be
significant, also-there were a few cases where "room temperature" was signifi-
cantly above the 68°F to 750F range.

In addition to the strengch values actually obtained in tensile and
compressive tests, values corrected to the nominal exposure and test tempera-
tures are provided. This was done as a guide in evaluating the effect of
temperature deviations and to give a better basis for comparing results.
Correction consisted of adjusting test values by an increment of strength
derived from final curves of the test results themselves and appropriate to
the error in exposure value (917) or test temperature. This is felt to provide
a reasonably accurate correction because of the large amount of data available.
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The strength results age also expressed in nondimensional form in the
far right hand columns of these tables. The first of these, Rp is the ratio
of the test value obtained to the material original unexposed room temperature
strength., The second, Re¢ , is the ratio of stressed exposure test results to
the parallel unsiressed exposure results, or a reduction faclor for the effect
of stress alone in the exposure environment.

The sequential exposure tables follow the same general pattern as the
single exposure tables, but modifications are made to accommodate the multiple
exposure steps. Nominal exposure conditions are shown; actual exposure temper-
atures are omitted but were used to compute the total exposure value 617 listed
for each specimen. Actual strains accumulated during each exposure step are
shown below the nominal conditions. Actual strains accumulated during the
entire sequences are also presented. The properties after exposures and
strength ratios are treated in the same manner as in the single exposure

tables.

Material Response to Thermal Exposure Without Stress

The results of the single exposure tension tests are plotted in Figure
12 tcgether with similar results from Part I to compare the response of the two
lots of material to thermal exposure. The form of the Larson-Miller parameter,
©t, establisned for 7075-T6 in Part I is used as the abscissa. Values of this
form of the parameter are not shown in the tables because another form of the
parameter is used for the balance of this report. However, values of ©f can be
readily computed from the equation given in Figure 12. The ordinate is non-
dimensional strength as established in Part I.

The test data plotted are from Sheet A of the present study and repre-
sent the averages of all identical tests. These data are connected with solid
line curves, and the data from Part I are shown by dotted line curves.

Comparing the results from the two lots of material, it can be seen
that the material from Part I responded to exposure significantly earlier in
time (or in ©t) than did the material in Sheet A. Similar disagreement in
proportional effect of exposure has been found in comparison of results from
comparable exposure and test conditions from various sources (i.e.: Reference 8).
This is a factor of material variability that must be considered in applying
results of a study of this type of practical situations. Methods of approxi-
mately accounting for this variability are discussed under Anaiytical Methods

for Design.

Another difference in results from the two studies is also illustrated
in Figure 12. It was originally assuned that the 6' form of the Larson-Miller
parameter used in Part I would also apply to the muterial used in the present
program. This assumption was checked by the tests in which different combi-
nations of exposure time and temperature gave the same value of 9t. Test
data plotted in Figure 12 at these values of @' (' = 17,400 and 18,500) show
that imperfect agreement was obtained with the 0! form of the parameter.
Considerably better agreement was obtained when the parameter was modified.
This is discussed in the following sub-section.
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rxiusure larameter keevaluation

rexamination of the Larson-Miller exposure parameter showed that
0); = T(17 + log t)

provided the best fit for the data from the material in the present study (the
change to a single constanl is discussed below). The results using the new
constant. in the parameter are shown in Figure 13. The better agreement for
the ultimate strength of Sheet A is immediately apparent (the 376°F-3 hr. data
point should be ignored for the moment, since it is from Sheet C and was not
shown in the preceeding figure). The yield strength curves show similar good
agreement for both Sheet A (tension yield points) and Sheet C (compression
yield points).

There is thus the indication that the best constant for use in the
parameter may change with different lots of material. The degree of change
in this case can best be seen by converting the earlier 8 into the single-

constant form by dividing by l.46:

8! = T(33.7 +log t

Tz T(13.7 + log t)

Thus, the change in constant is effectively from 13.7 to 17. The change to
the single constant form of the Larson-Miller parameter in this report is
made because this has beccome the more widely used form.

Effects of Stress During Sinsle osures

The effects of stress applied during exposure can be most simply
discerned by comparing results for stressed and unstressed exposures having
otherwise identicel conditions. This may be expressed in ratio form as:

Re = Fstressed expcsure
Funatressed exposure

R is thus a strength reduction factor for the effects of stressed exposure,
and the strain subscript € is used because the value of this factor appears
to be primarily dependent upon the amount of inelastic strain accumulated
during exposure. R¢ 1is easily found from the test data because unstressed
exposure control specimens were included with each group of three specimens
subjected to stressed exposures. The control specimen test results are given
in Tables 1V through XI just above the assoclated stressed exposure results.
R¢ 1is shown in the tables and is obtained by dividing the individual stressed
exposure final strength values by the average of the control specimen final

strength values.

Study of the ratios in the tables shows that exposure stress (or
strain) in general does have an sffect on remaining strength of 7075-T6,
but this effect is not large. Rg ranges from about .85 to 1.05 denending
on degree of thermal exposure and deogree of strain produced during exposure.
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Figure 14 shows the H¢ values from th: single exposure conditions
plotted against inelastic strain. Each individual test result is plotied.
Separate plots are made for e=ach strength property measured anc for each
degree of exposure utilized. Results for all final test temperatures are
plotted together. Aan interesting and useful observation can be made: Final
test temperature after exposure has no significant effect on the reduction
factor due to stress applied during exposure. This can be confirmed by
careful examination of all cases plotted in Figure 14.

In Figure 14, rough scatter bands are indicated by shading to show
the basic trends of the results. These scatter bands are drawn arbitrarily
in view of the small net effect that precision of establishing these bands
has on the final resulting strength. The shading of the bands is stopped
Just above 1 percent strain because that is the upper limit of the range
of interest in this study. However, points with larger strain were considered

in drawing the bands.

Included in these bands are key markings (small, black "x" marks) at
0.2 percent strain and at 1.0 percent strain for use in later analysis. These
marks are plotted at the approximate mean value of the test data, to the nearest
0.01 value of Re¢ « A small degrese of smoothing of the location of these marks
across neighboring exposuring conditions was done (up to 0.01L R e ). The
scatter of individual test points about the key points is within 3-1/2 percent

for most cases.

At the lowest value of exposure, Figure 14(a), no scatter band is
established because only large-strain tests were run. Comparing the key
points shows that stress during exposure had no appreciable effect on the
tensile ultimate strength but it raised the tensile yield strength and
depressed the compressive yield strength. This is similar to the Bauschinger
effect observed in specimens which have been prestrained in temnsion (at room
temperature) and then tested either in tension or compression (Reference 10).
The comparison seems logical since the axposuré stress in thes 300°F-1 hour
case was quite high, and a relatively large part of the resulting strain was
probably plastic strain on loading.

At moderate exposure values, Figures l4i(c) through 14(g), this
pronounced effect has disappeared and the scatter bands for all three pro-
perties are depressed, with compressive yleld reduced slightly more than the
tensile properties. In this area, the predominant effect of atrain during
exposure seems to be an acceleration of the process of everaging or annealing.
However, a small degree of Bauschinger-type effect appears to persist to fairly
high exposure values.

At extreme exposure values, Figure 14(h) and 14(i), the effect of
stress during exposure on remaining strength is diminished and the R¢ values
again approach 1.0. In this exposure range, there may be a tendency for
ultimate strength to be least affected and compressive yield the most affected.
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nffects of Stress During Multiple Hxposureg

The effect of creep stress during the sequential exposures is presen-
ted in Figure 15. The manner of presentation is similar to that of the
single exposure results discussed in the previous section, so that visual
comparisons uay e made at nearly equivalent exposure values (917 values).
birect comparisons of single and multiple exposure results are presented
Jater in the report. In comparing the single and multiple exposure curves
it is valuable to note that the vertical scale of these plots is a rather
expanded one, so that any real differences should be easily detected.

Examination of the curves in Figure 15 shows that of the sequence
variables considered. There is little evidence of greater strength reduc-
tions than found in comparable single exposure tests. The one sequence in
which a noticably different result was obtained is the D sequence shown in
Figure 15(e). In the D exposure sequence, specimens were unstressed until
the last fraction of exposure period, at which time an exposure stress which
gave a relatively high rate of straining was applied. Reductions in final
strength caused by exposure strain in D sequence tests were not as great as
in tests at similar values of strain and exposure value s in which the
strain was more uniformly accumulated. The results from these tests indicate
that the stressed exposure strength reductions can be affected to some
degree by extreme non-uniformity in strain accumulation.

Slightly greater strength reduction than expected was obtained in
compression tests after the stressed E 'sequence (10 Part) expousre, showu
in Figure 15(f). It is not certain whether this effect is real since it is
small in magnitude especially considering the number of test results defining
it and their scatter. The results obtained raise questions as to the effect
of further increases in number of steps in sequences. Additional tests would
be required to definitely establish the nature of this effect.

The various typass of sequential exposures serve to demonstrate that,
except for unusual exposure conditions such as the D sequence, (and possibly
the case of compression after very complex stressed exposures, as noted
above) the results are independent of the type of sequence used. Thus, it
may be assumed for a large number of practical problems that if the sequence
is sufficiently well aixed to avoid radical situations, consistent results
can be expected from all sequences in the range covered by this study.

igt Q ress W Degree of

As noted above, the effect of stress during exposure on the subsequent
residual strength varies with degree of exposure. Figure 16 shows this varia-
tion; the key points for 0.2 percent and 1.0 percent inelastic tensile strain
from Figures 14 and 15 are replotted as a function of O3+ to show the trends
of the mean values of the scatter bands with exposure.

The curves were drawn thro the single exposure key points only

(x symbol) for several reasons: (1) to establish a set of single exposure
Re values to be used in later analysis, (2) to provide a basis to which stress
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gff?cts in malripie exposure tests could bSe compared, and {3) to provide a
basis for some smoothing of single exposure key values across adjacent expsc-
sure conditions. Key points are omitted and dashed lines are used where R¢
curves had to be interplated or extrapolated to obtain values at either

0.2 percert or 1.0 percent strain. Muitiple exposure key poaints (+ symbol)
are plotted for comparison with sirgie exposure results,

The maximum effect of exposure stress and the trend of this effect
with single exposures are easily discerned from this figure, since the effects
of scatter are minimized. It can be seen that for 1 percent accumulated
tensile strain during exposure the maximum effect on residual strength is
about 8 percent for tensile uitimate, 10 percent for tensile yield and 11 per-
cent for compressive yield. At very early exposures, greater differences
between the effects in the three cases are noted, as discussed earlier. For
0.2 percent inelastic strain, the maximum effects are about 3 percent of
tensile ultimate, 4 percent of tensile yield, and 2 percent of compressive
yield. The differences at 0.2 percent strain are considered smaller than the

accuracy of definition of the trends.

It is of interest to note the shapes of the yield curves for 1 percent
strain during exposure as compared to that of the ultimate tensile curve.
The compressive yield minimum is both lower than that of the tensile yield
and occurs earlier. While the terisile yield minimum even occurs later than
that of the tensile ultimate. Apparently a small degree of Bauschinger-type
effect persists to relatively high exposure values. Possibly, much shorter
exposure periods than those investigated, with rapid accumulation of strain
during exposure would emphasize this effect. However, it is significant that
there was no apparent difference in this effect between 10 hour and 100 hour

tests at approximately the same exposure value.

In Figure 16, the multiple exposure results follow much the same
pattern as the single exposure results for tensile ultimate and yield
strengths. Compressive yield, on the other hand shows a possible tendency
toward more strength loss in multiple exposures than in single exposures,
most noticeable in the 10 step sequence, as noted in the previous discussion.
Comparison of single and multiple scatter bands at equivalent exposures for
the compressive yield cases indicates that the difference is slight for the
variety of cases covered. The cauge of this difference, if a real effect,
is not identifiable from these tests. Additional studies are desirable to

check the existence of this effect.

The small net error introduced ir predicting multiple exposure
results for sequences within the scope of this investigation is treated
in later discussions of the accuracy of prediction. The D sequence is the
one case in which marked difference was obtained. In Figure 16, the D
sequence points for tension ultimate and tension yleld after 1 percent
strain fall quite high, near the 0.2 percent strain curve, at 0y7 = 15,300.
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tesidual Sirength After Sinele ixposures

In the foregoing digcussion, Lhe strength reduction factor for stressed
exposure has been based on the strength after unstressed exposures. Strength
after unstressed exposure 1s reduced as a result of: (1) duration of exposure
to a sufficiently high temperature and (2) temperature at the time of failure.
These effects can be combined and the total strength reduction for unstreused
exposure expressed as the ratio:

Rp = Strength at Temperature After Unstressed Exposure
H.T. Strength Before Exposure

For stressed exposure the reduction factor for the effect of stress, R¢ 1is
ir.cluded ir the expressior for total strength reduction, as:

RoRe = Strength at Temperature After Stressed Exposure
TP€ = R.T. Strength Before Exposure

Expressed in these terms, stressed and unstressed exposure results can be
plotted on the same coordinates, providing curves that are more general than

obtained by plotting actual strengthe.

Figure 17 shows the Fty, Fty and Fcy strength reduction factors Rr and
RTR¢ plotted as a function of exposure value 617. Trends of Ry values are
indicated by the solid curves. RrR¢ values for 1.C percent strain during
exposure are shown connected by dashed curves. Each Ry data point represents
an individual unstressed exposure test result. These values are also listed
in Tables IV through XI. Values of RtRe¢ were obtained by applying Rg¢ values
for 1.0 percent strain from Figure 16 to the Ry curves.

Correlation of unstressed exposure results with the Larson-Miller
parameter as modified for this study appears good, as was noted previously
in discussion of Figure 13. The stressed exposure results indicate that
although inelastic strain during exposure does affect strength, it does not
impair this correlation. This can be seen by reference to Figures 14 and 16.
Ae roted in previous discussion of these figures, in cases where different
combinations of time and temperature gave approximately the same exposure
value 617, the effect of inelastic strain on final strength was nearly the

same.

The general effects of inelastic strain during exposure can be seen by
examination of the curves of Figure 17 for all strength properties and final
test temperatures. First, it is observed that the effect of up to 1.0 percent
inelastic strain on the residual strength of 7075-T6 is not large but is
significant. Second, the effect is nearly the same in all cases at a given
exposure value except in the lower exposure values. A third observation is
that for a large part of the exposure range the stressed exposure results are
offset from the unstressed exposure results by approximately a constant
increment of exposure. These observations make possible a much simplified,
general approach for predicting the effect of stressed exposures presented in

this report.
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accuracy of Prediction of Multipie Expozure Hesults

Use of the single exposure resuits to predict maltiple exposure valuec
for the same total exposure has already been suggested for unstressed exgasures
in Part 1 and for stressgea exposures in foregoing discussions. Comparisbn of
the accuracy of such predictions is given in Figure 18 for the three strength
properties investigated and for unstressed and stregsed exposures. ‘Tne actual
results achieved in test after multiple exposures are plotted against wvalues
predicted from the singlc exposure curves for thne same calculated total 617
cxposure. The solid liine at 45 degrees ir. eash chart represents perfect

agreement .

Unstressed exposure correlatior.e are shown in Figure 18(a). Individual
point3 reflect averages of all results for each sequence. Coding is provided
to identify the different sequences investigated. Agreement between predicted
and actual results is in generai quite good. Onre difference can be detected
between results from certain exposure sequences. Considering sequences
identical except for the temperature direction of the exposure steps, decreasing
temperature steps resulted in slightly higher strengths than increasing temper-
ature steps., This can be seer. by comparing the open and closed symbols having
the same shape. Even with this difference, the agrecement between predicted

and actual results is good.

The stressed exposure correlations are shown in Figuresl8(b) and 18(~)
for 0.2 percent and 1.0 percent inelastic strain. In this case the test valuss
for comparison with predicted values were derived by using the key vaiues of
Re (for 0.2 and 1.0 percent strain) for the stressed multiple exposure cases
from Figure 15. Each key Re¢ value was multiplied by the Ry vaiue for the
sequence it represented. This removed the scatter of individual test results
as was done for Figure 18(a). Also, the Ry values for sequences identical
excepting for direction of temperature steps were averaged, removing the differ-
ence noted previously for different temperature directions of unstressed
exposure sequences. (No distinction in stress effects was noted for this case,
see Figures 15(a) and (c)). Since accuracy of the Ry value prediction in
Figure 18(a) was good (especially with temperature direction effact averaged),
Figures 18(b) and 18(c) cleariy indicate ary additional inaccuracy due to the
effect of stress (or strain) during the various sequences.

The results for the stressed exposures are similar to those fourd for
the unstressed exposures. The correlation between predicted and actual test
results is generally very good. The maximum difference is rnoticed in the case
of the D sequence. Another smaller difference can be detected. This is for
compressive yield strength after the ten-part E sequence. Both of these
results were discussed under "Effects of Stress During Multiple Exposures.®

Generalization of Results

It is valuable to generalige the foregoing results in order to simplify
and extend application to practical problems. This can be accomplished by
finding ways to relate as many variables as possible to esach other on a common
basis. This hus already been partly accomplished by the general correlation
of all test results with the form of the Larson-Miller parameter used.
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Closer examination of the various curves in Figure 17 shows that all
material strengths do not deteriorate to the same degree with prolonged expo-
sure. Room temperature tensile ultimate strength declines to 50 percent of
its original strength while room tomperature tensile yield and compressive
vielq strengths decline to about 20 percent. This means that any relationship
which exists between the magnitudes of these various strengths must be non-
linear and is not entirely obv.ous from the empirical data. However, these
curves have some similarities. It can be seen 'nat in all cases deterioration
of properties begins to occur at a common deglse of exposure and becomes
essentiully complete at ancther common degree of exocsure. Similarity can
also be seen in the general shapes of the curves. This leads to the supposition
that a single general shape of decay curve might be followed by all strength
properties in traversing the interval betueen full-hard strenzith and full-soft
strength.

Attempts were therefore made to plot all properties tested in terms
of relative strength between full-hard and full-soft strengt:, against the
exposure parameter ©17. This was not too successful, due to a rather large
degree of scatter which occurred in tests at extreme exposures (see plotted
data for 600°F-8 hours in Figure 17(c)). Attempts to approximate the same
results by using a more restricted interval have been met with success. The
interval between the original strength and the strength remaining after an
exposure of 617 = 16,380 (450°F-10 hr.) was chosen as the reference interval.
The strength values for the extremes of this interval (for the three sheets
of material used in this study) are shown in Figure 19 as a function of temper-
sture. All other strength values are related to their position in this
interval by the expression:

p » Fer = F1

Fr -1 g,

in which D is called the strength deteriorstion factor, For is the strength
as tested after a given exposure, Fr is the original (full hardened) ctrength,
F is the strength after the reference exposure (4L50°F-10 hr.) and Tg is test
temperature. For a given value of D, the For, Fr, and F) values are all the
same type of mechanical strength (Fyy, Fty, or Fcy) and obtained at the sgme
test temperature, T¢.

Values of D for unstressed exposurns are computed in Table XIX using
data from Tables IV through XVI for Fg¢ values, and Figure 19 for values of
F) and Fr. Fof value) used are average valuec from each group of specimens
tested under identical conditions. The results are plotted in Figure 20(a),
where all of the unstressed exposure data from the program are shown together
on one curve; all three types of mechanical properties at all final test temper-
atures after single and multiple exposures are represented. It can be seen that
the corrslation throughout most of the exposure range is good while that at
extreme exposure (nearly fully annealed) is poor. Fortunately, the useful
portion of the curve is the region of good correlation.
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The same procedur: is applied to the stressed expogure cases by
relating them to the unstressed exposure results. The Fr and F; values are
unstressed exposure values, while the Fqf values are f-r gtressed exposures.
Calculations for T are given in Table XIX for 0.2 percent accumlated
inelastic strain and for 1,0 percent accumulated inelastic strain during
exposure. In these -~aces, Fer is found by applying the strength reduction
factors, Re¢ from Figure 16 to the ssme unstressed exposure average values of
Fer used for the basic D curve.

The results for the stressed exposure cases are shown in Figure 20(b).
Here, the data points are omitted for clarity of presentation. The curves
for the different properties are practically the same for most of the unstable
(steeply sloping) region of the :urve and are shown &s a single curve for
0.2 percent and another fnr 1.0 percent. At the low exposure values, the
stressed exposure curves for the three properties separate, particularly the
1 percent strain curves. The magnitude of the effect is considerable below
©17 = 13,500. In this region the curves are primarily based on only one
exposure condition (300°F-1 hr.) and it is not certain that the same curves
would hold for all exposures.

All of the test data developed in this investigation have been success-
fuliy normalized by means of the procedures which have been discussed. This
raises the question of extension to mechanical properties other than those
tested. Tt should be recognized that the nomalizing procedures used in this
report are hasically empirical, and therefore, the resulting strength deterior-
ation curves app.y specifically to those mechanical properties {or which data
were obtained. However, an analysis of data from reference 8 ( the results
of which are not shown here) has indicated that the shear and bearing propertlies -
of 7075-Té after various exposure conditions can very likely also be normalized
Uy the same procedures. For unstressed exposures, shear and bearing proparties
may even follow the same strength deterioration curve (Figure 20(a)). The
hardness data obtained in this investigation on the other hand, does not plot
directly on the same curve, probably due at least in part to characteristics
of hardness magnitude scales.

It is believed that the basic approach used in this work on 7075-T6
can aleo be used in investigating many other hardening materials which
deteriorate in strength during exposure to practical thermal and stress
enviroments. Modifications to the approach will no doubt be required,
especially for materials having more complex aging or annealing characteristics
than 7075-T6.
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TEST PiGLEDURES

The nrocodures used in this program were established and checked prior
*oouse inoan atvompt to attain the accuracy desired in each part of the
crpesuee and ef subsequent tests. The conzistency of the results achieved
tends to verify the adequacy of the procedures. The important features of
Tacee procedurss are discussed under the fellowing subheadings:

o Specimen Identification and Preparation

« Specimen Exposure Assemblies

. Specimen Exposures

+ ieasuremert of Creep Strain

« Specimen Processing Between Exposure and Strength Testing
« Hardress Testing

. Strength Testing

Specimen Identification and Preparation

¥ Three 0.063 gage Alclad 7075-Té6 aluminum alloy sheets were used during
this investigation. Specimen blanks were marked out on heavy adhesive-backed
paper covering the sheet, with the axis of all test specimens transverse to
the original rolling direction. These were identified by metal stamping
according to the jdentification system shown in Figure 1. The sheet was
sheared into specimen blanks and machined to the dimensions shown in Figure 2.
Careful machining practizes were used, and microhardness tests on machined
surfaces showed that machining caused no overheating of the material.

Specimer detalls are shown in Figure 2. The tension specimen incorpo-
rates pin-joint type loading ends, 0.505 inch reduced test section and 2.0
inch gage length. This same specimen was used for both creep-exposure and
tensile testing after exposure. Tensile creep-exposure specimens for the
compression test program were essentially extra long tensile specimens with
a slight machining allowance on the width so that all edges of the compression
specimens could be machined to the required tolerances. The compression test
specimen was 0.5 in. wide by 2.75 in. long. Three of these specimens were
machined from the reduced section of each creep-~exposure specimen.

Specimen Exposure Assemblies

Stressed exposure of tension specimens was accamplished for the most
part with three specimens linked in series as shown in Figure 3. Unstressed
control specimens were exposed along with the stressed specimens, mounted (by
one end only) adjacent to the center stressed specimen. Smail aluminum blocks
were loosely assembled to cover the reduced section of the upper and lower
stressed specimens. The use of these blocks improved temperature stability
with no detrimental effects other than a slightly slower heat-up rate. Thermo-
couples were placed at each end of the reduced section of each specimen until
enough temperature data were accumulated to allow reduction of the number of

thermocouples to that shown in Figure 3.
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Some of the one houar and ten hour stressed exposures of tensile speci-
mens were effected in shorter length creep furnaces one specimen at a time.
‘hermocouples were located at each end of the reduced section of &ll such
specimens. No temperature stabilization blocks were required.

All thermocouples were attached so as to contact the edge of specimens.
This location was checked against thermocouples located in drilled holes in a
dummy specimen and found to be an accurate procedure. (Temperature deviation
between edge location and hole location was found to be less than 1°F as long
as reasonably uniform furnace temperatures existed. For rapid heat-up con-~
ditions, the edge thermocouples responded more rap.dly to increase in furnace
air temperatures than did the thermocouples in holes.)

Stressed exposure of material for compression specimens was accomplished
with the creep exposure specimen shown in Figure 2. Unstressed exposure speci-
mens consisted in most cases of 0.5625 in. by 3 in. blanks. These were mounted
in the center of a second creep exposure specimen which acted as a carrier
only. The carrier specimen was mounted (by one end) parallel to the stressed
exposure spccimen separated by about 0.25 in. In a few cases a long creep-
exposure specimen was utilized for unstressed exposure compression specimens,
mounted the same as the "carrier" specimen described below.

A total of four thermocouples were used to instrument the ten-inch long

reduced section of the stressed exposure specimen. A single thermocouple
sufficed for the zero stressed specimens, all of which were in mutual contact.

Specimen Exposures

Most specimen exposures were performed in the type of creep machines
shown in Figure 4. Exceptions were some short duration unstressed exposures
and the compression creep exposure check test which were exposed in the circu-

lating-air oven.

Creep Furnace Exposures:

Specimen assemblies were installed in the furnace and heated to the
desired temperature as rapidly as possible, using caution to avoid temperature
overshooting of any of the specimens. Specimens were then loaded by gently
adding weights to the weight pan. The time for heat-up, from start of heating
to start of loading averaged one-half hour (the creep furnaces were limited in
rate at which specimens could be heated with accuracy, especially when utiliszing
a large proportion of the furnace length).

Thermocouple temperatures were recorded continuously throughout all ex-
posures on multi-channel recorders and checked perliodically with a precision
potentiometer (the latter readings also recorded). Variation in temperature of
a given point throughout the exposure period was within i+ 5°F from the averege
temperature, after the first hour of exposure. Usually, for the first hour
temperature was less stable, within about + 7.5°F (excepting the 300°F-1 hr
exposures, discussed further below). Temperature variation during exposure over
specimen 2 inch gage lengths was within 3.5°F. The temperature records obtained
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~ore used Lo determine specimen average temprratures for the entire exposure
period.  These are the actual exposure temperatures recorde} in Tables of
i{esults along with nominal exposzure temperatures., Actual temperatures were
un to + ,,°F from the nominal exposure temperatures.

At the conclusion of the exposure period specimens were unloaded,
removed from the furnace, disaszsembled from all linkage, and allowed to cool

on a wood surface.

Procedures for each of the exposures in sequential exposure tests were
the same as.above except that specimens were usually transferred to a differ-
ent creep furnace for cach part of the sequence. This was done because it
was found that rapid heat-up could be obtained more accurately by starting

with a cool furnace.

An analysis was made of effect of heat-up time for the various exposure
conditions. The conclusion was that the only exposure condition in which this
became important was the 300°F-1 hr condition. The check test on the effect
of compressive creep exposure {3759F-3 hr) was also short enough to have been
in this category, but these exposures were performed in a circulating air
oven which provided more rapid heat-up. For the short exposures in the
sequential exposure program heat~up times werc incorporated approximately
into the calculation of total exposure for the sequence (@ value) and so
were negligible in the effect on the net accuracy of the sequence.

The 300°F—1 hr exposures were given special attention and, for the tests
that were reported, heat-up times were held to 15 minutes, with good tempera-
ture stability achieved throughout the exposure period. This heat-up time
amounts to a possible error in exposure value of plus 50 units of ©;7. The
appearance of the strength reduction curves (Figure 17) at this exposure
indicates that this error is negligible as to effect on strength level.
Similarly, this error has a negligible effect on the determination of the
effects of streas during exposure. This can best be seen in Figure 16.

Circulating-Air Oven Exposures:

A few unstressed exposures were performed in the circulating air oven
used for elevated temperature strength tests. shown in Figure 6. These were
relatively short exposures, from 3 to 10 hours in duration. The specimens for
each exposure were bound together and a thermocouple was attached to each end
of the group. The heat-up time was 15 minutes or less except for the 600°F-8
hr exposure; one half hr was required for 600°F stabilization. Thermocouple
temperatures were determined periodically with a precision potenticmeter and

recorded by hand.

Compressive Creep Exposure:

The compressive creep exposure check test followed procedures identical
with the elevated temperature compression tests. The same specimen was used,
supported in the compression test fixture while subjected to a predetermined
compressive stress, With each of these were exposed one unstressed compression
and one unstressed tension specimen as controls. Compresasive creep exposure
specimens were undistorted after stressed exposure and no machining was
required between exposure and compression teat.
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Meagurement of Creer Strain

Creep strain was measured by using two se': of gage points of the type
shown in Figure 5. One had about 2" separation and the otier slightly less.
The larger s>t was impressed in the reduced section of the specimens before
exposure and the smaller set was impressed within the first set after exposure.
The separation between the resulting points at cach end of the gage length was
measured under a microscope with a Filor eyeplece, at a magnification of 100
power. The sum of the two measurements was equal to the total inelastic
strain in the 2 inch gage length plus the original difference in lengths of
the two sets cf points.

To calibrate this system, it was necessary to know precisely the
differences in lengths of the two sets of gage points. To accomplish this,
each time a group of specimens for exposure was marked, trial impressions
were made on a dummy strip. The differences betwee. sets of points on the
test strip was measured precisely under a microscope as before. Variation
in creep strain measurement was checked and found to be within approximately
+ 0.02¥ s:rain for the single exposure messurements.

For the long creep exposure specimens, the same procedure was followed
in each of the three locations from which a compression specimen was to be
machined.

For specimens subjected to multiple exposures, total creep strain
accumulated was determined alter each exposure atep. This was done with
succeeding sets of gage marks latcrally displaced (up to 0.035 in.) from
the original set. It was found that accuracy of creep strain measurement
was reduced by the lateral displacement of gage marks. Perlormance checks
indicated that maximum variation of measured sequential exposure strain from
the actual was about 0.06%.

Specimen Proce. on
Tensile Specimens:

For tensile specimens, steps between uxposure and tensile testing
consisted of; creep strain measurement, hardness testing (if applicable,
seo below), and holding at room tempersture for a standard delay time. The
first two items are discussed elsevhere under test procedures. The stendard
delay time 1s explained as follows: Up to 1 1/2 hours were required to
complete tensile tests of same groups of specimens exposei together. To
ainimise differences Detwean spezimens as to holding time st room tempensture
before testing, it was decided to delay start of testing for a standard time
of one hour after the end of the exposure pericd. This step wes taken against
the possidility of ainor changes in strength due Lo secondary ageing reactions
at room temperature after axposure to temperature.
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Compression Specimers:
Steps between exposure and compression testing consisted of:

Creep strain measurement . :

Cutting compression test blanks from reduced section of creep exposure
specimens

Hardness testing (if applicable) :

Refrigeration storage of compression test blanks

Machining of compression specimens from blanks

All of the above stc.ps are explained elsewhere or are self explanatory
except the fourth. Refrigeration of compression test blanks was used to
avoid long and variable soaking times at room temperature caused by the
intermediate machining step. Blanks were refrigerated to below 5°F within
an hour after the end of exposure and held from a minimum of 12 hours to a
maximun of four weeks before bringing back to room temperature for machining
and comrression testing. Time at room temperature for machining and com-
pression testing varied from 3 to 8 hours. Total time at room temperature
between exposure and compression testing was therefore from 4 to 9 hours for

all specimens.

The effect of refrigeration was checked on unexposed control specimens
for room temperature test. Two such specimens were refrigerated for about 16
hours while several specimens located near these in the sheet were not. All
were ccmpression tested at room temperature. No effect of refrigeration could
be discerned in the results (Table 3).

Hardness Testing

All specimens for room temperature strength tests were hardness tested
after exposure and before strength testing. Two Rockwell hardness scales
were used because of the wide range of hardness of specimens after exposure,
the B scale and the H scale. Most specimens were tested on both. Location
of hardness tests on tensile specimens was ~+ each end of the reduced section.
Compression test blanks were hardness-tested at each end on material subse-
quently removed in machining of compression specimens.

A number of hardness test results on creep-exposed tensile specimens
have been omitted from the results reported. These tests were performed just
outside the specimen reduced saction, through crror, on material which had
been subjected to a lower exposure stress than that in the reduced ssction.
These values would not have been completely representative of the material
which was subsequently strength tested and so were delieted.
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Strength Testaing

Tensile Tegtg:

After exposure, tensile specimens were tested at one of four test
temperatures, room temperature, 200°F, 300°F or 4LOO°F, using the equipment
shown in Figure 6 for the clevated temperature tensile tests and most of
those at room temperature. Properties determmined were ultimate tensile
strength, 0.2% offset yield strength, and percent elongation. Yield strength
values were obtained from autographic stress-strain curves using extensometers
over a two inch gage length. Percent elongation was measured over a two inch

gage length with dividers.

Specimen temperatures were measured by a thermocouple contacting the
specimen edge at the midpoint between ends of the reduced section. In tests
to verify this procedure, there was no difference between readings of thermo-
couples located in holes drilled in the gspecimen and those at the edge lo~
cation, nor was there any significant temperature difference from top to
bottom of the reduced section. Temperature was read from a precision
potentiometer. Readings were recorded at the start of loading and at maxdmum
load. The actual test temperatures given in the tables of results are the
averages of these two values, which were never more than 3°F apart.

The maximum time for heating specimens to test temperature was 12
minutes and this was for the LOOOF test temperature. Less heat-up time was
required for the 200°F and 300°F test temperatures, but a standard heating
time of 12 minutes before loading was also used for these. Times from start
of loading to the 0.2% offset yield load and to maximum load were obtained on
elevated temperature tests, using a stopwatch. Time to yield varied between
20 seconds and one minute. Time from start of loading to ultimate load varied
“atween 45 seconds and 3 1/2 minutes. (At 300°F and 4LOO°F test temperatures
maximum time was 2 1/2 minutes.) An exception to this were tests on the nearly
annesled material (600°F-8 hr exposures). Some of these required 5 minutes to

reach maximum load.

All tension tests were performed with a constant rate of crosshead
travel from start of loading to fracture. A few of the first room temperature
tensile tests were performed on a Baldwin SR-4 test machine at a strain rate
of 0.005 in/in/min up to yield, with the aid of strain pacing. Shortly there-
after the Instron Machine, with a circulating air furnace (Figure 6) became
available, and strength testing was changed over to this mzchine. The strain
rate up to yield for tests conducted on the Instron Machine averaged 0.0l
in/in/min. Data provided in Reference 1 indicate that a change in strain
rate of this magnitude should not significantly affect the results of tensile

tests on 7075-T6 at room temperature.
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Strain rates ur to yield were calculatel from readings of time to reach
the 0.27 offset yicld load. These values varied from the average value qucted
above, sirpending on the strength level of the material ard the test tempera-
ture. All strain rates fell) within C.008 ard 0,002 in/in/min. This degree
of variation would be undesirable for tests at LOOPF on this alloy; however,
nearly all of the LOO®F tests fell within C.00¢ anc 0.01 in/in/min. The few
that did not were tests oi material in the nearly annealed condition. Actual
strain rates up to yield for tests at 4GUPF are given in the tables of results
{see Tables III and XVII).

Strain rate in the gpecimen reduced section tended to increase after
yielding, the usual case when crosshead travel rate is held constant through-
out tensile tests. (With specimen yielding the change in stres< rate causes
a change in distribution of strair between the specimen reduced section and
other parts of the linkage betweer the test machine crosshezds.) Actual
strain rates from yield to ultimate were not ottained, however all fell be-
tween approximately 0.01 in/in/min and 0.05 in/in/min. The latter is the
maximum possible rate with the 0.1 in/min crosshead separation rate used.
Alsn, specimens of approximateiy equal strengths tested at the same test
temperaturs would have had comparable strain rates from yield to ultimate.

Compression Tests:

After single exposures compression specimens were tested at one of four
test temperatures, room temperature, 200°F, 300°F or 400°F; and after multiple
exposures at room temperature or 300°F. 0.2% offset compressive yield values
were obtained from autographic stress-strain curves. Test facilities wers
the same as for tension tests.

The fixture for supporting compression specimens during tests is shown

in detail in Figure 9 and in place in the test machine in Figure 10. Specimens
were supported by guide plates having offset vertical grooves. Specimen align-
ment in the fixture and tightening of guides were by "feel"™. Strain was
measured by a two inch averaging extensometer, using exteusion arms for elevated
temperature tests. Accuracy of compression test procedures was checked by
inspection of modulus of elasticity values from a number of compressive and
tensile stress-strain curves obtained at room temperature and 300°F.

Specimen temperatures were measured by a thermocouple attached to the
edge of one of the specimen guides, at the midpcint between specimen ends,
abowt 0.125 in. from the specimen surface. The test furnace and fixtures were
stabiiized at the teat temperature before installing compression test specimens.

Mgximum time for specimens to reach any of the test temperatures was
slightly under 12 minutes, sc heating time was standardized at 12 minutes for
all elevated *emperature compression tests. This agreed with the heating time
for elevated temperature tension tests. Maximum time from start of loading to
the 0.2% offset compressive yield load was 1.2 minutes.
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“he accuracy of compression specimen heating was checked with a dummy
srecimen which had thermocouples located in grooves at the top, middle and
boitom in addition to the thermosouple on the specimen guide. No signifi-
cant temperature disagreement occurred between any of the themmocouples when
precedures which simulated compression tests were followed.

Compression tosts were performed with a consiant rate of crosshead
travel. Strain rates as determined by stopwatch readings averaged 0.009
in/in/min fcr all tests. Individual values obtained varied between 0.007
ard 0.0C1 in/in/min with a few exceptions. Part of this variation is
probably due to thke method of measuring strain rate. All tests at 4OOOF
fell between 0.0075 and 0.0095 in/in/min. Strain rates for LOOCF tests
and for the exceptions noted above are recorded with the test results

(Tables III, XI and XVI).
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TROT FULRMENT

“aquipment. used in the experimental portion of this investigation can be
conveniently divided into two categories.

Exposure Fquipment: Iquipment used to provide the desired exposure
conditions for specimens prior to testing consisted of:

« Creep-rupture machines
+ Temperature recording equipment
. Creep strain measurement eguipment

Test Equipment: Equipment used for tensile, compressive and hardness
testing of specimens after exposure consisted of:

Tension and compression test equipment
Compression test fixture

Load-strain recording equipment
Hardness tester :

L] L] L3 L 3

Creep-Rupture Machines

Stressed and unstressed exposure of specimens was carried out cn several
creep rupture machines. Six of these on which most of the exposures were per-
formed were of the type shown in Figure 4. These are Arcweld M-3 creep irames
with cylindrical wire-wound resistance furnaces, 32 inches long by 2.5 inches
inside diameter. Specimen loading is by weights acting on a lever. Furnaces
are controlled by Wheelco 4O7 current proportioning, indicating controller in
conjunction with a chromel-alumel thermocouple mounted on a specimen in the
center of the furnace.

Three Arcweld XJ creep frames were also used. These had 22 inch long
by 4.5 inch inside diameter wire~wound resistance furnaces. Function of the
XJ units is similar to the M-3 units previously discussed. Furnace control
is by Brown Electronik electropulse proporiioning recording controller.

Temperature Recording Equipment

Specimen exposure temperatures were continuously recorded on one of two
Brown Electronik l2-channel recorders. These recorders have a rated accuracy
of 0.25 percent of full scale temperature range. The scale used was zero to
1200°F., Specimen temperatures were periodically checked with a Leeds and
Northrup model 8662 precision potentiometer. Thermocouples used threughout all
tests were made of special close tolerance 24 gage chromel and alumel wires
joined by flash welding. Thermocouples were within + 1°F accuracy in the tem-
perature cange of usage.

Creep Strain Measurement Equipment

Apparatus for measurement of creep strain consisted of two sets of gage
points, one of approximately 2 inch separation, the other slightly less than
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< inches. Une of these is shown in Figure 4. The points used in these gage

ar<ing devices are Hockwell Diamond Point Indenters. actual measurement of
the separation of the two sets of points at each enc of the 2 inch gage
length was accomplished with a Bausch & Lomb bench microscope with Filor
eyepiece at a magnification of 100 or 125 power.

Tension and Comprassion Test Equipment

Two test machines were utilized for tension testse A few of the first
room temperature tensile tests wer: performed on & Baldwin SR-4 hydraulic
universal tegting machine, with a 50,000 pound mar-imum capacity. This machine
is equipped with a Baldwin strain pacer operated from the extensometer differ-
ential transformer. The remainder of the tension tests and all compression
tests were performed on an Instron TTC-ML test machine, shown in Figure 6.
Test.s on the Instron machine were run at a constant rate of crosshead travel.
A stopwatch was used to measure time from start of loading to the .2 percent
offset yield load and maximum load. For elevated temperature tests, a circu-
lating air electric-resistance oven manufactured by Missimers Inc. was employed
(shown in Figures 6 and 7). This oven has a working chamber 15 inches wide by
12 inches high and 22 inches deep.

Furnace temperaiure was controlled by a Brown tflectronik electropulse
proportioning recording controller, in conjunction with a chromel-alumel
thermocouple located in the furnace working zone.

Compresgion Taest Fixture

The compr=ssion test fixture consisted of a pair of adjustable specimen
guides, a loading system and a base for the specimen. Details of the fixture
are shown in Figure 9. The compression test assembly is shown in Figure 10.

In this fixture, specimen guides have vertical grooves offset from each
other. This has bes¢n indicated as a generally acceptable specimen supporting
arrangement in Reference 9. The specimen is loaded at the top by an unattached
blade which is supported by the guides and protrudes slightly at the top of
the guides, wherc it contacts a loading ram. The blade thickness is a slight
undersize of the specimen to avoid binding in the guides. Load is iransmitted
through a 5/8 inch diametsr ball in the ram assembly to assist in alignmen
of loading . .

Material used in the frame, guides and loading ram is A-286 alloy, with
Stellite No. 1 hard facing in highly loaded areas. The loading blade is
hardened tool steel. The ball is a standard ball bearing which is replaced
upon any sign of plastic deformation.

Load-3train Recoprdi e

A Baldwin P3~5M microformer axtensometer was used to measure strain in
all tensile tests. This extensometer is an averaging, separable type., For
tests at room temperature, 200°F and 300°F, it was attached directly tc the
specimen with opposing conical points, over a 2 inch gage length. For tension
tests at 4LO0°F extension arms from a different extensometer were usecd with the

PS~5M: These were also attached to the specimen with opposing conical points
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over a ¥ oinch page lencth, with the arms extending outside the furnace. The
‘nstallation for tests up to 300°F is shown in Figure 7, and for LOO°F tests
in Famure 8.

Imring compression teste strain was measured with a Baldwin SR1Z resis-
tance wire strain gage type compressometer. This is also a strain averaging
instrument, and was used over a 2 inch gare length., For tests at room temper-
ature the compressometer was attached directly to specimen cdges by spring
loaded knife edges. For eclevated temperature tests, a set of extension arms
were usad which gripped the specimen edges in a similar fashion and extended
outside the furnace. The SK1E was actuated by the relative motion of the
extension arms, unmagnified by any lever system. The elevated temperature
compression test assembly is shown in Figure 10,

load-strair curves were obtained on the Instron machine X-Y recorder.

Load was recorded on the Y axis as measured by the tect machine SR-4 load
cell. Strain was recorded on the X axis either from the extensometer differ-

ential transformer signal or the compressometer signal after conversion by
an SR-4 converter,

Hardness Tester

A Rockwell hardness tester, Wilson model 4JR was used with 1/16 inch
diameter and 1/8 inch diameter indenters to obtain Rockwell B and H scale
hardness readings. Hardness test accuracy was periodically checked by hard-
ness tests on calibrated test blocks. '
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TABLE 1
SINGLE EXPOSURE CONDITIONS TESTED

FXPCSUNE CONDITIONS

Temp.
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250
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300
300
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350
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1
1

100
100
100

100
100
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100

4
4
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FINAL TEST TEMPRRATURE

Tension

OF

Compression

op

0

(Compressive)
0
28
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ReT.,300
RaTe,300

RT.,300,400
RoT., 300,400
R.T., 300,400

R4 T4, 200,300,400
R.T., 300

R.T. 200,300, 400
ReT. , 200,300,400

RoT.,300
R.T.,300
R. T, ,300
ReT.,300

R.T. ,300
R.T.,300
R.T.,300

R'Tu,m
R.T.,300
R.T.,300
R.T.,300

R.T., 200,300,400
R.T.,200,300,400
R.T.,200,300,400
R.Tl ’m.m.‘m
R.T. ’m'm'm
Ro'f',,m,BoJ

2.7, ,300
R.T.,300

R.T. .m‘m.‘ow

ReTe

ReT.,300
ReT., 300

R.T.,300,400
R.T.,300
R.T.,300

ReT.,300
R.T.
R.T.
ReT.,3CC

ReTs, 200,300,400
R.T.,300
R.T.,300

ReT. ,'BCD,AOO

R.T.,300
R.T.,300
R.T.,300
R.T.,300

R.T.,200,300,400
R.T.,300
R.T.,300
R.T.,300,400

R.T., 200,300,400
Re'f
R.T.,300

ReT.,200,300,400
R.T.,300




TABLE I
SEQUENTIAL EXPOSURE CONDITIONS TESTED -- STRESSED EXPOSURE(!

—— . SEQUENRCEY  EXFOSUi CONDITIONS FINAL T:5T TEMPE:ATUAES
Total ©,., Ste Temp. T4 s ~
1 P p me tress T L
Code Description !-.'xponup- Ko (t.:ng[ le) S:;::n Tension Comp-ession
—_ — 7 xl?f’ oy hrs kai o oy
A-1  Decrcasing temp. treand, . 1 350 3.5 3.0 .
high stress . 2 315 20 325 .
Liots 3 /5 100 35.0 1.0 n.T.,300,L00 HeTw, 300
A-2 Same as A-l1 sequence except lower exposure stresscs. 0.2%5 K.T.,300,L00 R.T.,300
A'-1 Inverse of A-l. . 1 275 100 S .
Increasing temp. trend, . 2 315 20 32.5 .
high stress 1‘0-6 3 350 3.5 31.5 1.0 R.T.
A'-2 Same as A'-1 sequence except lower exposure sircsses. 0.25 R.T.
B~12 Two steps of B-14 . 1 300 1w 29.5 .
15.0 2 45 2, 21,0 0.50 R.T.,300,L00
B-13 Three steps of B-14 . 1 W00 100 29.5 .
Increasing temp, trend. . 2 35 24, 1.0 .
15.3 3 4,00 3.5 19.0 0.7% R,.T.,300,400 R.T.,300
Bf-13 Inverse of B-13 . 1 400 3.5 21.0 .
Decreasing temp. trend. . 2 3% 21 20.0 .
15.3 3 L0 100 19.0 0.7% R.T.,300
B-~1l4 Mixed temp. trond, . 1 00 100 29.5 .
high stress . < 454 24 21.0 .
. 3 O 3 3.5 1v9.0 .
5.4 A $7°0 21, 2.6 1.0 R.T.,300,400 R.T.,300
B-2, Same as B-1l/ sequonce except lower cxposurc streysen, 0.25 R.T.,300 R.T.
B-13a Modified B-13 . 1 30, 100 ey .
z6ro-atresr last-step . 2 150 24 22.0 .
15.3 3 w00 3.5 0 0.5 i.Ts
B-l4s Modified D-14 . 1 300 100 29.5 .
zero~stress last step . 2 0 24 21.0 .
. 3 400 1.5 19.0 .
15.4 4 350 24, 0 0.75 R.T.,300 R.T.
b Zero-stress first step . 1 350 12 0 .
High stress laet step 15.3 2 375 3.5 25.0 1.00 R.T.,300 R.T»
E~-1 Complex 10 part mixed . 1 3150 10 2.0 .
sequence . 2 325 40 0 .
. 3 375 3.5 22.5 .
. 4 300 90 24.0 .
. 5 350 10 22.0 .
. o 325 40 19.0 .
. ? ars 3.5 (o] .
. 8 300 100 A.5 .
. 9 325 40 16.0 .
15.4 10 375 3.5 o 0.80 R.T.,X00 ReTe
E-2 Sams as E~-1 sequence excep!. lower cxposure stresses 0.25 R.T.
E-3 Same as E-1 and E-2 sequences except lowest exposurs strosses. 0.15 R.T.

(1) Notes An equivalent unstressod sequential exposure progiam was provided by serc stress control specimens
included with each exposure in this table.
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TABLE 111
TENSILE AND COMPRESSIVE STRENGTHS -- UNEXPOSED

TENSION COMPAZSSION
PROPEXTIES AT CORAELTED PROFESTIES Al  CORRECTED
TDENTIPICATION HANESS TEMPERATURE PROPERTIES (1) IDENTIPICAT IOV TOULRATRE MOPEATIXS (1)
Foxdral Tosr go-.ror  iccewell Actual b, ¥, eler: i, ¥, vcriral Test Spaciver ATual Fo.
Trse Yoo Y JTETT I (T - e e 4 e Test ro, y::o. 70.:1 k4 Ter
T,cﬂ' Tozy Temp Tosp
7y 1y, W, °r Pl psi £ ot [23} oy o, Pes pes
AT, 1AL O 1w VTR0 11U 8,0 10,100 dLT. a1 CUeT(’) n 73,000 73,30
HeTo 1Ce atnu(a) Ve R0 TR 10, LT7,200 18,50 AT, 211 Click N 72,0 72,600
K.T. L AL Y B ELSU0 1104 M0 ML00  NeT. <l C11uB(2) W1 73,200 73,500
K. T. WIFVIH VNG RO .y L, %00 78,000 #,T 211 €307 82 75,300 75,700
T 1 A2 €0 oV, 200 77,006 12.0 47,50 77,5%0C T, 211 CIIK(2) €2 7,90 75,100
[ 5 D K 20 07,00 1,0 10,9 67,500 17,500 R.T. a1 Crwd 82 75,400 75,600
T, 1 AN €0 u7,700 T, 11.% (8,000 e, )00 A-rage 7,300
HeTo 7 A10 PO L7, 900 T80 1145 GF,200 70,000
H.Te 7 A0 BO (7,300 71,100 10,5 47,000 77,50C
KT, Y1 ALC O 07,200 T1,PL 11.6 (7,50 78,000
R.T. KA A ] «G 67,90 78,600 1].0 8,200 'm, €00
KT, NS0 #0 07,400 17400 13.0 47,700 17,400
ReTo T ASZ0 % 49,200 77,0600 14.0 (9,200 77,800
R.T. 1 ASL0 T 68,100 77,000 11,0 6,100 77,000
H.T. N AU 67 10,200 80,0 12.% "o.oco 80, 500
f.T. 7 AG20 67 (9,760 78,600 11.5 69,500 78,500
RoT. Tt ALLO 47 05,500 77,600 12,5 65,300 77,500
RTs 7N ALO 70 0,100 79,300 13,0 7,100 79,300
A.T. 1 A0 €0 (8,50C 78,900 11.5 648,800 19,100
R.T. 7 AT0 0 (8,000 78,700 10,5 u,Joo 78,900
ReTo AT B0 07,200 77,100 10.5 67,500 77,300
R.T. T ABIO 80 68,900 75,700 11.0 09,200 79,500
R.T. T A830 80 69,100 70,700 11.0 09,400 78,900
R.T. 71 ABSO 80 67,600 77,900 11,3 67,900 78,100
R.Te 7 A920 75 67,700 77,400 11.5 67,700 77,400
R.T. 71 A940 7% 65,000 76,700 11.3 65,800 76,700
R.T, T A1 75 67,50 78,100 10.% 67,500 76,100
R.T. 71 A960 75 68,000 78,900 10.5 ,000 78,
R.T. 71 A020 75 47,100 77,700 10.0 67,100 77,7200
ReTo 71 A060 75 68,400 79,300 10,0 68,400 79,300
Ty 7 Alll0 80 64,800 70,300 12.5 69,100 78,%0
ReTe 71 A0 80 69,100 76,300 10.5 69,400 76,500 .
ReTs 7 A% 60 68,400 77,900 11.5 68,700 76,100
R, 7 .A20. - - o 68,700 78,200 10,5 69,000 78,400
R.T. n A 0 69,100 78,600 12.0 69,400 78,800
R.T, 102 Al26b(4) 7% 70,800 77,700 10.7 70,800 77,700
Avarage 68,300 7¢,300
- %.T. 120 M3l 115.5 80.0 7% 66,800 75,600 10.5 £6,800 75,800
K.T. 120 ¥1%0 116.0 80,0 7% 67,600 77,100 11.0 67,600 77,100
AT, 102 BlGS (i) 77 7,200 61,100 11.5 71,200 61,100
.1, 120 930 14,0 81.0 7% 66,500 76,300 11.0 , 300 76,200
ReTs 120 3160 117.0 M0 7% 67,000 76,3 10.5 67,000 76,700
R Te 102 01265 (4) 77 72,900 %0, 11.0 72,900 80,%00
Ave 67,000 76,400
RT. 158 17 73 68,30 76,700 U.0 68,300 76,30
R.T. 211 €210 (5) 91 (8,000 48,500
R,T. 211 €3N (5) 82 68,200 76,X0 13.5 68,500 76,600
R.T. 158 c&36 7 67,90 74,100 12.5 67,900 73,100
Average. 100 76,100
200 71 A58 204 6,50 69,200 12.5 64,800 69,700 200 23 CJ/a5-1 X2 69,100 69,200
200 1 N 200 65,000 69,200 13.0 65,000 69,700 200 2) C72%-2 X2 72,500 72,600
200 71 A0 200 63,100 7C,L00 12.0 65,100 70,400 220 2y Cns-) 23 7,70 11,600
Average 65,000 69,900 200 23 Cr5D 200 60,000 69,100
Avesuge 70,700
300 7n A 98 37,600 30,900 14,0 57,400 58,700 M0 23 €754 0 63,700 €3,7%0
300 N A% 302 36,700 57,600 20.0 $6,900 57,800 300 223 C25-5 X0 63,600 £3,600
200 7 A720 298 56,900 56,500 21.0 56,700 58,300 300 W C125-6¢ 300 62,000 42,000
Ave, 57,000 58,%0 Average 63,200
300 120 n230 299 54,300 56,400 18.5 54,200 56,300
300 10 B4 299 5,400 56,100 18.0 $4,)00 56,000
00 120 BuAO 00 %,000 56,50 11.5 5,600 35,300
Ave 84,600 56,200
300 crar 300 $8, 16,9 56,50 38,%0
300 2, a8 02 35,900 57,300 19,0 56,200 37,800
Average 2400 38,100
400 n K08 41,M0 13,000 14,0 42,00 43,.00 40O £l ms-v Mx! u,:m 47,300
400 n 190 44,000 45,000 13,3 43,700 44,800 40O s » 00
%00 ) mo 197 12,300 L3,%0 13,3 11,900 41,100 400 ) uo m.m w.'m
Avel 42,000 43,600 Average 47,300
400 2% n212() L1 42,700 43,600 13,5 12,800 L), 700
hn %, N.?' WL 142,700 44,400 16,5 42,000 b, 500
W 2% Mot 401 42,400 44,400 11,8 42,300 &k,300
Averngt /240 1), 200
w0 2, () ; 402 41,200 44,300 10e®  RY,%U%) 4,10
ron 21 crm() 9 L2,K0 44, X0 1. 12,00 WL T
Ave Purs AV 300 &by
1 ::poruu o;:‘nuc:;o.rml tont Laperature,
2 alsens relrigere or Lo
3) Siratn rates were 0,000 to 0,009 !dlnhln Por toets at 400°7; 0.01) ia/in/adn Per epee. CLIOT.
4} N emitied fren average, sheoel ascoptancs Loply Lokon Frem shest esrwere.
§) Tensile test performed on & ereep oposinen, (Se¢ Nygure 2)
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TABLE V
200°F TENSILE STRENGTH AFTER SINGLE EXPOSURES

pROPERTIES (1)

CORRECTED

3TH RATICS

STR,

PIOPERTIES APTER EXPOSOEE

ACTOAL EIPOSURR CORDITIONS

FOETEAL REXPOSURE CONDITIONS

Stress Total mn Temp.
Yo.

Y.ell

{41

Tield

Time Total
Strein
nr 4

op
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(a) Tension Specimen Identification, Sheets A and B

Lk 4n.

A

1

|

(b) Compression Specimen Identification, Sheet C

Parent Horisontsl Vertical Panrl T,h0r B
Sheet Location Location Spn; {Sheot C only)
(4,B,00 3} {Column) (aow) (07

€] =] (3] @ [¥]

(c) Specimen Numbering Code

FIGURE 1 IDENTIFICATION OF TENSION AND COMPRESSION SPECIMENS
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FIGURE 3 TENSION SPECIMEN EXPOSURE ASSEMBLY
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COLE:
X Single Expoguite
4 Multiple Exposure
3, Multiple Exposure (D Sequence,
1 % inelastic strain)
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