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ABSTRACT

Previously published results on aluminum-base alloys and steels showed that
accurate prediction of yield stress and ultimate tensile stress was possible
from hardness data. The present study was undertaken to see if the relation-
ships were also obeyed by titanium-base alloys. The intention was to permit
exploitation of the economic advantages which would result from a saving in
machining cost and in testing time, if the Judicious use of hardness testing
were to provide data approximately equivalent to that obtained by tensile test-
ing.

Rockwell hardness and tensile data obtained in an earlier study on three
titanium base alloys (Ti-13V-11Cr-3Al, Ti-5A1-2.5Sn and Ti-6A1-LV) h.ve been
augmented with Meyer, Vickers and Knoop hardness measurements. The tensile
data have been analyzed to give the work hardening coefficient. n and this has
been correlated with (a) the ratios of both yield stress o, and ultimate tensile
stress o, to Vickers hardness H,; (b) the Meyer hardness coefficient m; and
(¢) uniform elongation. The correlations involving (a) and (b) above did not
follow the expected behavior.

An attempt was also made to estimate points along the tensile curve from
Meyer hardness data..  The agreement was only moderately good for the Ti-13V-
11Cr-3A1 alloy, and was poor for the other two alloys. After further analysis
of the data, the breakdown of the correlation was sttributed to a different
deformation mechanism, presumably micro-twinning, occurring during hardness
testing from that prevailing during tensile testing. This effect also expleins,
for the materials in the present study, the breakdown of both (i) the relation-
ship between m and n, and (ii) the relationships which involve stress/hardness
ratios.
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ILLUSTRATIONS

Predicted relationships between the stress/Vickers hardness ratio,
the work hardening coefficient, and the Meyer hardness coefficient
according to Egs. 1, 3, 5 and 6.

Indentations made with a 2 mm diameter ball in two of the alloys,
showing the occurrence of artifacts similar in appearance to de-
formation twins. x300
(a) Ti-13V-11Cr-3Ai

(b) Ti-5A1-2.5Sn

Experimental stress/Vickers hardness ratios as a function of work
hardening coefficient. The relationships predicted by Eqs. 1, 3
and 5 are shown. (For key to data symbols, see 18).

Experimental stress/Vickers hardness ratios as a function of Meyer
hardness coefficient. The full lines indicate the relationships
predicted by combining Eqs. 1 end 5, in turn, with Eq. 6. The
filled symbols are for UTS/hardness and the open symbols are for
yvield stress/hardness. The key identifies the symbols used in
Figs. 3 through 8.

Comparison of true stress-true plastic strain curves with
converted Meyer hardness data plotted according to Eqs. 8
and 9 for a typical specimen of each alloy:

(a) Ti-13V-11Cr-3A1 (3375)

(b) Ti-5A1-2.55n (3239)

(c) Ti-6A1-LV (3L61)

Uniform strain plotted against work hardening coefficient. Note
that, while the full line refers to total strain, all the data
points and the dashed lines refer to true plastic strain.

(a) Uniform strain data derived directly from the chart record.
(b) Univorm strain derived by means of Considire's construction.

Yield and ultimate tensile stresses and Rockwell "C" hardness as
a function of billet preheat temperature, after Gurney and Male®,
Vickers hardness, determined in the present study, is also
incorporated.

(a) Ti-13V-11Cr-3Al

(b) Ti-SA1-2.5Sn

(c) Ti-6A1-kv

Comparison of ultimate tensile stress/hardness correlations from
the present work with those of Hickey?. The lines represent the
relationship(s), and t two standard deviations, given by Hickey.
(a) UTS vs. Vickers hardness.

(b) UTS vs. Rockwell "C" hardness.
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I INTRODUCTION

Indentaticn hardness testing provides a simple technijue for feollowing
changes in strength resulting from metal processing. However, due to the com-
plexity of the deformation around an indentation, no universal linear conversion
exists relating a single hardness value to either yield strength or ultimate
tensile strength. Tabor! has derived a single conversion factor, but the flow
stress estimate obtained is that appropriate to about 8% engineering strain;
hence the conversion is of limited value. More complex formulaelaz, although
somewhat unwieldy, have application where tensile data are required, but where
tensile testing is impossible, impractical or undesirable. Typical applicat-
ions for these formulae might include room temperature testing of hot-torsion
tested rods in the laboratory or the non-destructive estimation of the strength
of castings, since in these situations tensile testing would be impossible. A
further use would be for laboratory tests where economy of time or material are
required such as in screening tests in studies of the effects of process vari-
ables on mechanical properties. It was this latter application,with a view to
achieving cost savings, which prompted the present investigation.

In a tensile test, not only is information obtained about strength, but
also about elongation. While it appears that hardness testing cannot differ-
entiate between brittle and ductile metals, it has been suggested that an in-
dication of ductility can be obtained, in some cases, in the form of an estimate
of uniform elongation3,“, The present study was undertaken to check if expected
strengtn/hardness/ductility relationships were obeyed for titanium base alloys.
A beta alloy (Ti-13V-11Cr-3Al), an alpha alloy (Ti-5A1-2.5Sn) and an alpha-beta
alloy (Ti-6A1-4V) were evaluated. .

1.1. Stress/Hardness Relations

Tabor! has shown that, for steel and a variety of other metals, the ratio
of the UTS 9 to the Vickers hardness Hv is given by

Ju = (i-n) [1i.Sn]“ (1)
-n

where n is the work hardening coefficient. The latter quantity is obtained
from the slope of a log-log plot of true stress o vs, true strsin e, as implied
in the relation

¢ = Ke" (2)

where both K and n are constrats. Tabor suggested that, while a numerical fac-
tor of 2.9 in. Eg. 1 was appropriate to steel, a value of 3.0 applied toc copper.
Cahoon et al.? maintained that a numerical factor of 3.0 was appropriate to
steel, btrass and aluminum, i.e.,

[}




Ju _ (1-n) [12.5n]“ (3)

i ~ 3.0 1-n

v

It should be noted that Egs. 1 and 3 relate hardness to ultimate tensile
stress. However, a relationshin between the yield stress o_ and Vickers hard-
ness H has been given by Cahoon et al.2 y

% = (0.1)" ()
Hv 300
Taking logarithms gives
log (oy/Hv) = -n - log 3.0 (5)

As this relationship has been applied successfully to a variety of materials,
including aluminum alloys and some steels? , it may have universal application.
If so, then different materials, each with a range of values of the work hard-
ening coefficient n, shculd all give data lying on the same straight line, of
slope - 1 and intercept - log 3.0 on the log (o /H ) axis, when plotted accord-
ing to Eq. 5.

Where stress-strain data are not available, the work hardening coefficient
may usually be estimated from the equation

= (m-2) (6)

where m is the Meyer hardness coefficient. Eq. 6 has been shown to be true
theoretically, and its validity has been demonstrated for a variety of materials!
The quantity m is obtained a3 the slope of a log-log graph of load W vs. indent-
ation diameter § for a spherical indenter. These quantities are related by the
equation

W= K" (1)
where X' and m are constants.

The relationships given in Egs. 1, 3 and 5 are depicted in Fig. 1 where
the range of n values covers that from hardened (n <0.1) to fully annezled
(n = 0.5) materials. The corresponding range of m values, according to Eq. 6,
is alsc shown. Thus it should be possible, by suitable analysis of a series of
herdness indentations, to estimate both yield stress and UTS.

n



1l.2. Derivation of Stress-Strain Curves from Hardness Data

According to equations given by Taborl, points along & stress-strain curve
may be estimated by evaluation of equivelent stress and strain for a series of
indentations made at different loads with a spherical indenter. The relevant
equations are :

'y H /2.8 = (WW/mD?)/2.8 (8)

€ = 0.26/D (9)

where ¢ and € are the stress and strain estimates for a Meyer hardness H - §'is
the diameter of the indentation’ produced by a ball of diameter D under an

applied load W. Application of these two equations will be discussed in more
detail later. S5

133 Estimatibn of Ductility from Hardness Data

One further relationship 1s worthy of note, 3ince it may provide a means
of estimating uniform elongation from hardness measurements”. For metals which
obey Eq. 2, it has been shown that the true strain to the ultimate tensile load
should be numerically equal to the work hardening coefficient3, i.e.

= ®»
Eu n (10)

Here ¢ 1is the total (i.e. elastic plus plastic) strain occuring during stable
flow, Before the load instability of necking. Incorporation of Eq. 6 gives

€, = (m - 2) (11)

which suggests that estimation of uniform elongation from hardness data is
possible. The application of this equation will be considered in greater detail
later. In an alternative method due to Boklena, uniform elongation is correl-
ated with the height of the material piled up around an indentation. However,
this technique is not considered further in the present work.

# The derivation of this relationship is given in Appendix 1.
It is of interest to note that a similar equation involving the equivalent
engineering strain eu'has been given by Tabor! viz., e, = n/(1-n).




II EXPERIMENTAIL

The alloys used in this study were the subject of an earlier investigatione.

In that study, three titanium~base alloys were extruded at a rangs of tempera-
tures and either zooled in sir or water quenched. The extruded material was
then subjected to an aging treatment, Table I. A tensile specimen was machined
from a piece of each bar and Rockwell herdness readings made on an adjacent
plece. In the present study, additionel hardness readings were obtained and
the tensile load-elongation curves were subjected to further sialysis.

Four types of hardness measurement were carried out, normally on transverse
sections:

1) A range of loads was used for Brinell tests with a steel ball cn a
Vickers hardness testing macnine. The data obtained were used (3) to estimate
equivalent stress and strain, as outlined above, and (b) to fit to Meyer's Law,
Eq. T, in order tc determine m. According to Tabor7, the minimum loed required
to give fully plastic deformetion, so that Eg. 7 is obeyed, can be estimated
from a knowledge of the elastic properties of the specimen and the ball indenter,
and the yield stress of the former. For the l-mm ball usad in the present study,
these epproximate lower limits were 21, 11 and 15 kg. for the Ti-13V-11Cr-3A1,
Ti=-5A1-2.5Sn and Ti-6A1-4V &lloys respectively. A load range from 40 to 120 kg
was therefore used; from this data, & series of values of btoth Meyer and
Brinell* hardness was determined. Log~log plcts were drawn up according to
Eq. 7 and values of the slope m were determined. Additional readings were made
with applied losds of 5, 1iC and 20 kg. Data from the four lowest lcads then
gave appropriate equivalent strains, according to Eq. 9, for comparison of the
actual ficw stresses with those estimated from Eq. 8. '

2) Additional Rockwell hardness readings were made using a 1/16 inch dia-
meter ball indenter and standard loads of the F, B and G scales, i.e. 60, 100
and 150 kg. Supplementary weights were a2lso used, and further ncn-standard
hardness recadings taken corresponding to 72.5, 85, 112.5 and 125 kg. icads.
Attempts to obtain straight lines on log-log plots, in order to derive a para-
meter analogous to the Meyer hardness coefficient, proved unsuccessiul. Anong
the plots tried were log (load) vs. log (100-herdness) and log (100 kg + load)
vs. log (100-hardness). However, none of the graphs gave satisfactory straight
lines.

3) Vickers hardness tests were performeé using a 100 kg. load. Three
indentations were made on each specimen.

4) 1In order to try to detect the presence of anisotropy of hsrdness, and
therefore of strength, Knoop hardness tests were performed with the long dia-
gonal lying both parallel and transverse to the axis of the extrusion. However,
there were no significant or systematic differences in the hardness values
obtained in the two directions.

* Since tables were not available for a l-mm ball and loads of 40, 60, 80, 100
and 120 kg., hardness was evaluated by means of a simple computer program.
This program and the data generated are given in Appendix 3.
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Tensile load and displacement data from ihe earlier study6 were converted
L0 true stress and true .train by reading the co-ordinates of a series of
points, and preccessing the data by computer. Since the chart record showed
machine crosshead displacement, cnly the plastic strain could be derived direct-
ly from the data.# An estimate of elastic strain wes made using a value of
Young's Modulus = 16.5 x 105 psi {1.14 x 10° Nm=2), and this was added to the
plastic strain to obtain 'total corrected strain".# The logarithm of this
quantity was used in the log (true stress) vs. log (true strain) plots to deter-
mine the work hardening coefficient, n.

# The simple computer programs, ard the data output, are given in Appendices
4 and 5.



III RESULTS

3.1. Stress/Hardness Ratios and Work Hardening Rates

Analysis of the experimental data showed that several of the relationships
obeyed by other materials did not apply to the Ti-base alloys in the present
study. Typical of the anomalous behavior is the lack of correlation between
the Meyer hardness coefficient m and the work hardening coefficient n (Table II).
Instead of fitting Eq. 6, the data for the beta-alloy show an approximately
constant value of n over a range of m values, while the converse is true for the
other two alloys. The discrepancy between the observed and the predicted be-
havicr results from a difference in the deformation conditions in a tensile and
a hardness test, and may be attributable to a difference in deformation mechanism,
as suggested by Lenhart® for Mg and some Mg-base alloys. In his study, Lenhart
observed deformation twins on the faces of the hardness indentations. In the
present work, twins were not observed. However, features resembling twins were
seen on the faces of some indentations. They were attributed to defects on the
surface of the ball indenter since they occurred in corresponding locations in
all indentations, Fig. 2.

Values of yield and ultimate tensile stresses, hardness and ratios of stress
to hardness are given in Table II. The correlation of the ratios o /H_ and
ou/H with the work hardening coefficient n also did not follow theyexgected
tPend of Fig. 1; the experimentual data, presented in Fig. 3, show considerable
deviation from the predicted lines. For the beta alloy, the points all occur
at similar values of n and show a wide spread of values of cy/Hv and ou/Hv.

While the spread of the data in Fig. 3 is considerable, deviations from
the predicted straight line representing the yield stress/hardness ratio can be
rationalized if the data are considered according the structure present during
the extrusion pre-heat (see key). The deviations correspond to changes in slope
of the predicted line, and would be represented mathematically by changes in Egs.
4 and 5.

Replotting of the ratios against the Meyer hardness coefficient showed
stronger trends, Fig. 4*, although the data did not fit the relationships ex-
pected from Eqs. 1, 3 and 5. In view of the poor correlation observed, it is
suggested that prediction of yield and ultimate tensile stress from hardness
data alone may be possible only for the beta alloy, although a trend is also
epparent for the alpha-beta alloy.

# It should be noted that, while a ball indenter is used to obtain data for the
Meyer hardness coefficient m, the strength/hardness ratios correlated with m
in Fig. 4 involve the use of Vickers hardness values obtained with a pyramid
indenter. Brinell hardness is unsuitable for the evaluation of these ratios
since it shows some dependence on the size of the indentation, and therefore
on the imposed load. This dependence can, however, be used to advantage, as
discussed in the next section.



3.2. Comparison of Stress-Strain Curves with Hardness Data

In hardness tests carried out using the ball indenter, a range of loads
was used. Therefore, a range of equivalent strain and corresponding stress
values could be derived, according to Eqs. 9 and 8 respectively. Agreement
between these derived data and the values of true stress, read from slress vs.
plastic strain curves, was poor. In every case the converted hardness lata fell
below the tensile data, and this was more marked in the alpha and alpha-beta
alloys than in the beta alloy. Typical data are shown in Fig. 5. Thus, Tabor's
claim that hardness provides a reliable measure of the shape of that part of
the stress/strain curve which lies within the first 25% of strain?, is not
applicable to the alloys used in the present study. In order to adjust the
converted hardness data to be of similar magnitude to the tensile data, the
divisors required would be ~ 1.3 for the alpha and alpha-beta alloys and v 2.h
for the beta alloy, rather than the 2.8 of Eq. 8%.

3.3. Correlation of Uniform Elongation with m and n.

In order to check the validity of Egqs. 10 and 11, uniform elongation was
determined from the chart record and converted to true (plastic) strain.. Since
the elongation to peak load could not be determined unequivocally, & range of
strain was obtained from each chart, as shown in Table II and in Fig. 6a, where
the data are plotted against the work hardening coefticient n. More precise
determination of the strain to peak load was obtained by the use of Considére's
construction which required plots of true stress vs. engineering strain
(see Ref. 5)*. The corresponding true strain values are plotted in Fig. 6b.

It should be noted that, while the data points refer to plastic strain, Eg. 10
refers to total strain. A correction was therefore made by determining the
mean UTS from the data for each alloy and subtracting the corresponding esti-
muted elastic strain to give the dashed lines in Fig. 6. It can be seen that
the data fit the predicted relationship reasonebly well so that, to a first
approximation, Eq. 10 is obeyed. However, the corresponding expressioun which
incorporates the Meyer hardness coefficient m (Ea. 11) did not fit the predicted
expression as a consequence of the breakdown of the relationship between m and n
(Eq. 6) discussed earlier. As the experimental data showed considerable scatter,
no well-defined trends are apparent and no correlation of the two variables is
possible. Hence prediction of uniform struin by this method does not appear
possible for the three materials studied.

* See Appendix 3 for a listing of these ratios, evaluated for each hardness
indentation after applying Eqs. 8 and 9.

+ See Appendix 2 for a derivation of the relevant equation.
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IV DISCUSSION

4L.1. Estimation of Strength from Hardness Data

As the data in Table II and in Fig. 5 show, estimutes of stress and strain
according to Eqs. § and 9 do not give a good approximation to the stress-strain
curve obtained in a tensile test, particularly for the alpha and alpha-=beta
alloys. The origine ot the discrepancy, and the consequences of it, merit a
closer examinatioa and this will now be presented.

It should be noted that Eqs. 8 and 9 were derived empirically by Taborl,
al“hough they have been verified by comparison of hardness data with both com-
pressive 1,8 and tensile? curves. If the converted hardness data presented in
Fig. 5 is re-plotted according to Eq. 2 (o = KeP), apparent values of the work
hardening coefficieat n can be derived. Such an analysis yields values of
approximately wnity for (b) and (c) and approximately one third for (a).
Several points of interest arise from this observation.

i. These apparent values of n do not agree with those derived from the
tenzile data.

ii. Evzn for an annealed material, n values greater than approximately 0.9
de not occur. Thus, during harduess indenting, two of the materials
in the present svudy have apperent work hardening coefficients higher
than that obtained, even in soft meterials, durin% deformation by
slip. This lends support to Lenhart's suggestion®, mentioned in
section 3.1, that a different defcrmetion mechanism is occurring in
each type of test. The converted hardness data in Figs. 5b and Sc lie
approximately on straight lines which, when extrapolated, pass through
the origin. The data are somewhat similar to those of Mote and Dorn!l
who determined that the high rate of work hardening was associated
with the cccurrence of twinning in magnesium single crystals and bi-
crystals tested in tension. It should be noted, too, that in Fig. 5
the converted hardness values all lie below the tensile curves, and
this is also consistent with the suggestion that twinning occurred
during hardness indenting.

iii. As a consequence of ii above, Eqs. & and 9 may nct be wvalid, and the
apparent stress and strain derived by their use may not have any
physical significance. If this is true, then the precise values of
the apparent worx hardening coefficient n are not valid, although it
is ccnsidered likely that, at least qualitatively, their magnitude has
some significance.

iv. Eg. 6 (n = m=2) is still not cbeyed by the new data; while the n values
obtained from the tensile curves are toc low, the apparent values ob-
tained from the converted hardness data are too high. In the light of
iii above, this is not surprising.



v. If the n values corresponding to tensile and hardness testing are
different, as suggested above, then this invalidates the derivation
of Egs. 1 and 3 (on Page 107 cf Ref. 1) and of Eq. 4 (Ref. 2), both
for the alloys in the present study and for other materials vhich
show different werk hardening behavior in tension and in hardness tests.
The reason for the deviation from the expected behavior in Fig. 3 is
therefore apparent.

At the present time, no alternative general hardness/strength convertion relat-
ionship is available for the materials which show this anomalous behavior.
Instead, specific equations or relationships may be derived for each alloy.

Thus, use of the dashed lines in Fig. 4 would permit convertion of hardness

data for the heta and possibly the alpha-beta allcy for the limited range of
Meyer hardness coefficients covered in the present study. The alternative is

to accept a single converiion factor or a linear equation as discussed in section

Lok,

L,2. Variation of Strength and Hardness with Processing Temperature.

Since hardness is commonly used to monitor the influence of processing on
mechanical properties, it is instructive to compare hardness values with both
yield and ultimate tensile stresses for a range of processing conditions. 1Ia
Fig. 7, strength and Rockwell hardness data from Gurney and Male® are shown
plotted against billet pre-hest temperature; Vickers hardness, determined in
the present study, is also given. The changes in hardness do not follow the
strength changes exactly but show & variation in the ratio of strengch to hard-
ness with specimen history. Thus it is clear that a single hardness determin-
ation does not necessarily give a reliable measure of strength.

In addition to the variaticn of the yield stress/hardness ratio with the
work hardening coefficient n, a .ependence of the data on the structure during
processing, and therefore on the room temperature microstructure, is apparent
for the Ti-5A1-2.5S8n alloy, Fig. 3. However, the present study provided
insufficient data to determine exactly the extent of the deviation from the
predicted relationship.

4.3. Uniform Elongation, Work Hardening Coefficient and Meyer Hardness
Coefficient.

The experimental data in Figs. 6a and 6b show thet Eq. 10, relating uni-
torm strain ¢y and work hardening ccefficient, is obeyed. The agreecment is,
however, only approximate and has been investigated only over a limiled range
of the work hardening coeffticient n. It should be emphasized that the data
were all obtained from tensile test curves, and therefore the results cannct
be applied *o a2 hardness study nlone unless an estimate of n can be obtained
from hardness data, i.e. unless Eq. 6 is obeyed. For the three titanium alloys
in the present study, the relaticnship between work hardening coefficient n
and Meyer heardness ccefficient m of Eq. 6 is not obeyed, as discussed above.
Therefore Eq. 11, which depends on it, and which relates ¢, and m, is also
nct obeyed. The behavior of the present alloys is unusual since Eq. 6 has been




shown to be valid for & variety of materialsl’z, including both 658 aluminum
alloy and 1040 steel in which a range of strengths was obtained either by ccld
working or by heat treatingz.

L.4, Comparison with Previous Work.

In Figs. 8a and 8b, the present data are compared with the linear relation-
ships given by Hickey for Ti-base alloys!!. 1In each case, the new data show
substantial agreement with the earlier result:. Almost all the data pcints
lie within the scatter band drawn at } twice the standard deviation quoted by
Hickey. A plot of Vickers hardness vs. Rockwell "C" hardness {not shown) also
gave similar sgreement with the published work.

In the material used in the present study, In contrast to that investigated
by Zarkadeslz, no anisotropy was detected by Knoop hardness measurements. This
is not surprising since, with the exception of two extrusions which were carried
out st 1625°F, the grain structure appeared equiaxeds. Such a structure
indicates that recrystallization occurred either during or immediately after
extrusion, thereby eliminating an elongated hot wecrk grain structure.

In showing deviation from Eq. 8, as discussed earlier, the present results
are somewhat similar to those of Lenhart® on Mg and Mg-Al alloys. Instead of a
divisor of 2.8 in Eq. 8, Lenhart's data would require divisors of ~ 1.5 for Mg
and v 2 for the alloys, in order to adjust the hardness data to have a similar
magnitude to the tensile data. 8ince the divisors appropriate to the alloys in
the present study are ~ 1.3 for the alpha and alpha-beta alloys and ~ 2.4 for
the beta alloy*, once again, the materials are weaker during hardness testing
than expected from the tensile test resuits. Lenhart also carried cut compress-
ion tests and attributed discrepancies between compression, hardness and tension
test results to the occurrence of profuse twinning during compression or hard-
ness testing which gave rise to a lower flowv stress than that expected from the
tensile data. Thus, the nmost reasonable explanation ¢f the anomalous hardness/
stress ratios found in the present study is Lenhart's suggestion of twinning
during herdness testing. ©Since the “wins were not detected by optical obser-
vation, it is possible that microtwinning occurred. Investigetion of this
suggesticn by thin foil electron microscopy is, however, outside the scope of
the present study.

* See Appendix 3.
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V. _CONCLUSIONS

From an analysis of tensile and hardness data for the three titanium-base
elloys, Ti-13V-11Cr-3Al, Ti-5A1-2.5Sn and Ti-6A1-LV, the following conclusions
can be drawn:

1)

2)

5)

A unique correlation between both of the stress/hardness ratios o_/H
and ou/HV and the Meyer hardness coefficient m has been shown to
exist for the Ti-13V-11Cr-3Al1 alloy; the relationships are not those
predicted by the theoretical formulation of Tabor or Cahoon, but do
permit the estimations of o, and oy from hardness data for this alloy.

Uniform elongation in tension was found to be approximately equal to
the work hardening coefficient n; however, it did not correlate well
with m. The expected relationship between m and n, viz n=(m-2) was

not obeyed by any of the alloys.

The breskdown of the m-n relationship is attributed to a difference in
deformation mechanisms operating during tensile and hardness testing.
While micro-twins probably formed during hardness indenting, they were
not cbserved in the present study.

As a consequence of 3 above, relationships involving stress/hardnecs
ratios did not hold for the alloys in the present study. Thus, the
equatior given by Tabor relating oy/Hy and n is not followed by any of
the alloys studied. Data for the Ti~5A1-2.5Sn and Ti-6A1-LV alloys
show considerable scatter around the o /Hv vs. n relation proposed by
Cahoon et al.; for the limited range of n values studied, the discrep-
ancies between predicted and actual g, /Hy values are 5 to 10% and the
values appear to show some dependence on the nature of the microstruct
ure.

As a further conseguence of 3 above, points along the stress-.strain
curve, estimated from a series of Meyer hardness readings determined
at different loads, for true strains of asbout 4% to 10%, showed moder-
ately good agreement only for the Ti-13V-11Cr-3A1 alloy. The relevant
equations were not followed by the other two alloys.

11
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TABLE I

Post-Extrusion Heat Treatments®

Alloy Treatment

Ti-5A1-2.55n 1 hr. at 1000°F, air cool.

Ti-6A1-4v 4 hrs. at 1000°F, air cool.

Ti-13V-11Cr-3Al 2k hrs. at 900°F, air cool.
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Figure 1. Predicted relationships between the stress/Vickers hardness ratio,
the work hardening coefficient, and the Meyer hardness coefficient
according to Egs. 1, 3, 5 and 6.
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STRUCTURE BEFORE

EXTRUSION
B o+f a
— — Ti-13V-11Cr-3Al o
— == Ti-GAI-4V o o

——=~ Ti-5Al-2.58n ° ¢ ®

(%) (%)
7] N
wl il
2 034 o
)
o 7]
.=: S~
= A
0.32 ;
g:’ =)
L =<
S 0.30 =
=
(7,)
2 =
s  0.28 L
o N
- o
(J5) >
0.26

2.0 2.1 2.2 2.3 24
MEYER HARDNESS COEFFICIENT

Figure 4. Experimental stress/Vickers hardness ratios as a function of Meyer
hardness coefficient. The full lines indicate the relationships
predicted by combining Egs. 1 and 5, in turn, with Eq. 6. The
filled symbols are for UTS/hardness and the open symbols a:. for
yield stress/hardness. The key identifies the symbols us:d in
Figs. 3 through 8.
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Figure 6. Uniform strain plotted against work hardening coefficient. Note that,
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the dashed lines refer to true plastic strain. (b) Uniform strain
derived by means of Ccnsidére's construction.
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VII APPENDICES

7.1. Relation Between Uniform Elongation and n (See Ref. 5)

For those materials which obey Eq. 2 relating true stress and true strain

(0 = Ke")
do _ n-l_n
T nKe = =0 (A1.1)

by differentiation. Also, by definition,

€ = 1n (1+e) (41.2)

where e = engineering strain. Therefore

de = de (M1.3)
(1+e)

By combining Eqs. Al.l and Al.3

do n o (A1.4)

de = E.zl+e)

Comparison of Eq. Al.4 with Eq. A2.4 of appendix 2, appropriate to peak
loed, gives

9—:1
€
u
or (A1.5)
€ =n
u




vhere € is the total (i.e. elastic plus plastic) true strain at peak losad.

7.2. Considdre's Construction (See Ref. 5)

True stress o, load L, initial area Ao and engineering strain e are related
by the equation

o=L (1+e) (A2.1)

A
©

Partial differentiation of this equation yields

0 _ (1ve) L, L (42.2)
de Ao de Ao

At peek load, 3L/3e is zero so the Eq. A2.2 becomes

de peak load e
o

(A2.3)

where the suffix u indicates peak load. By the incorporation of Eq. A2.1,

do o
c 2 = u (A2.4)
de peak load 1+ e,

The implication of Eq. A2.4 is that a tangent to a curve of true stress vs.
engineering strain, drawn from a point of strain -1, touches the curve at a
point corresponding to peak load. This device is known as Considére's con-

struction.
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1-3. Computer Program and Output for Brinell Test Data

RIS 222X R Y R SRR P R Y R R P R Y P R R YR PSP Y S ST P YT S X 2 4

" BRINELL HARDNESS

L K K B

L
)
g
THIS PROGRAM COMPUTES BRINELL AND MEYER HARDNESS VALUES *
* AND RATIOS OF HARDNESS TO FLOW STRESS. IT USES A SERIES *
* OF INDENTATION DIAMETERS AND FLOW STRESS VALUES AND GEN- *
ERATES DATA FOR INDENTER LOADS OF 5410420 AND 40 KG. .

3

¥

-«

L
LR LI RIS RIS RIS RSS2 XSS SR SRS RS2SRRSR S XSRS R X 2 2 X )

DIMENSION ANOC(L) oH (%)

DATA W/5¢41009200940./
FACTOR=1.42/72.8

PI=3.1416

J=0

READ(5.1) L

READS NUMBER OF DATA SETS
READ(542) O

READS OIAMETER OF INDENTING BALL
OSQRD=D**2

DO 10 N=1i,L

READ(543) ANO

READS EXTRUSION NUMBER

J=aJ+l

IF(J.EQ.2) GO TO 20

HRITE(644) ANO

60 TO 21

WRITE (645) ANO

J=Jd=2

WRITE(646) D

WRITE (647)

WRITE (648)

WRITE(6,9)

TOTALB=0.0

TOTALM=0.0

I=0

D0 10 M=1,%

READ(5411) DELTA,SIGMAP

READS INDENTATION DIAMETER AND FLOW STRESS AT EQUIVALENT
PLASTIC STRAIN

SQR=DELTA*®2

BRINELL=2.0%W (%) /(PI*D* (D-SQRT(DSQRD~- SQR)))
COMPUTES BRINELL HARONESS VALUE ™ ~ =~ — B
AMEYER=4.0*W (M) 7 (PI*SQR)

COMPUTES MEYER HARDNESS VALUE
SIGESTB=BRINELL®*FACTOR

SIGESTM=AMEYER*FACTOR

COMPUTE HARDNESS/2.8 VALUES AND CONVERT TO KSI

29



IF(SIGMAP.EQ.0) GO TO 25
RAYIOB=BRINELL/SIGMAP
RATIOM=AMEYI.R/SIGMAP
CALCULATE RATIOS OF HARDNESS TO FLOW STRESS
RATIOXB=1.42*%RATIOB
RATIOXM=1.,42%RATION
TOTALB=TOTALB+RATIOB
TOTALM=TOTALM+IATIOM
OETERMINE RUNNING TOTALS OF VALUES OF ‘RATIOB’ AND ‘RATIOM!?
WRITE (6412) W(M) ¢DELTA¢SIGMAP¢BRINELL+RATIOB4RATIOXB,
+AMEYERJRATIOMoeRATIOXMeSIGESTBSIGESTN
IF(M=4) 10430430
25 WRITE(6413) W(M) ¢DELTAJBRINELL¢AMEYER.SIGESTB4SIGESTH
I=I+1
IF(MsLTo4) GO TO 12
RMEANM=TOTALM/ (M=I)
RMEANE=TOTALB/ (¥=-1)
G0 TO 35
3J RMEANB=TOTALB/M
RMEANM=TOTALM/M
DETERMINC MEAN VALUES OF ‘RATIOB* AND RATIONM!
35 XBMEAN=1.42¥RMEANB

XMMEAN=1,42*RMIANM

WRITE(6414) RMZANE.XBMEAN4RMEANM¢XMMEAN

CONTINUE

FORMAT (I2)

FORMAT (1X4F3.1)

FORMAT (A10)

FORMAT (LH1/77774T32+%EXTRUSION NUMBER*,A10)

FORMAT (//77/74+T124,*EXTRUSION NUMBER®*4,A10)

FORMAT (T124*(3RINELL AND MEYER HARDNESS DATA, ¥*4-%.1,

+3H MM BALL)/)

7 FORMAT (T124*LIAD*oT174FINDENT ¥ qT254*FLOW*4T314*BRINELL*.
+T40 4 *HB/SIG ¥ aTUB¢*HB/SIGe¥9TS8¢*HEYER® ¢ TO54¥HM/SIG*4T73,
+PHM/SIGe¥¢T824%HB/2.8% ¢T3 04*HM/2.8%)

8 FORMAT (T184*DIAM ¥4 T24¢*STRESS* ¢T3 ¢¥HARONESS* ¢T414*MIXED®,
4T4By*DIMEN-*4T57 y*"HARDNESS* 4 T65 ¢ *"MIXED® 4 T73,*DIMEN=*)

9 FORMAT (TL39¥Ko*gT19q¥MM¥ qT27 ¥ KSI¥oTULo*UNITS*oTUBG*SIONLESS*,
+T66 s PUNITS*gT73¢*SIONLESS*4T834¥KSI*4T914¥KSI*/)

11 FORMAT (1XeF5:.341XeF5.1)

12 FORMAT (11XeF Qe 0olXaF5:3¢2XoF5e193XeFSe1loltXe2(F5¢393X) 91Xy
+F5e6193X42(F54393X)01X92(F5.1,3X))

13 FORMAT (11XeF8e0olXaF5:4302Xe5H = 93XaFS5.144Xe2(5H = 43X),
+iXeF5a193X9g2(5H = ¢IX)91Xe2(F5,143X})

14 FORMAT (/T12+¥MEAN VALUES* 4183Xe2(F5.393Xe)9Xy2(F5.3+43X))
STOP
END

CONIE WO
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7.4, Computer Programs for Mauipulation of Load-Flongation Data

l¥!00!'I¥6"l‘!‘#‘!'l“l“#il#""¥l¥!¥§¥¥¥.l‘¥§‘¥'O#‘l"§¥¥¥

STRESS-STRAIN 3 (PLASTIC STKAIN)

TRUE STRESSy LOG10(TRUE STRAIN)y AND LOG1O(TRUE STRESS)
FROM CHART ELONGATION (IN INCHES) AND FROM LOAD VALUES

£ € &« % & &

¥
4‘¥’¥'l¥!¥¥¥¥¥¥"l!¥¥"¥¥¥l.!‘#!¥¥¥¥¥¥¥0¥'.l¥l¥¥l¥!‘¥l¥l¥6.l

DIMENSION ANO(3)
CHTFACT=2.86
THIS FACTOR IS USED TO CONVERT CHART DISPLACEMENT. IN INCHES,
TO % ENGINEERING STRAIN FOR A UNIFORM SECTION LENGTH OF
1.75 INCHES
READ(S411)1
READS NUMBER OF DATA SETS
00 20 M=1,l1
READ (548)ANO
READS EXTRUSION NUMBER
READ(S541)L
READS NUM3ER OF CHART POINTS
READ(543) ALDLJELLO
READS COORDINATES OF A POINT ON THE ELASTIC PART OF THE CHART
READ(542) D
READS SPECIMEN DIAMETER
WRITE(649)ANG
WRITE (6412)
WRITE(645)
WRITE {(640)
WRITE(E47)
A=3.1416%0%%2/%.
RAT10=DELLO/ALD
D0 20 N=1.L
READ(S43)AL4DELTAL
READS COORDINATES OF A POINT ON THE CHART (LOAD IN LBS AND
DISPLACEMENTY IN INCHES OF CHART) .
ENG= (DELTAL-AL®*RATIO)¥CHTFACTY
CALCULATES ENGINEERING STRAIN FROM TOTAL CHART INCHES BY FIRST
SUBTRACTING AN EXTRAPOLATION OF THE INXTIAL LOADING CURVE
STRN=0.01*ENG
TERMA=1.,+STRN
EPSILON=ALOG (TZRMA)
SIGMA=0.001*AL¥TERMA/A
TERMB=ALOGL10(EPSILON)
TERMC=ALO0G10 (SIGMA)
ARITE (694) AL yDELTAL ¢ENG4 TERMAySIGMASEPSILONGTERMC 4 TERMB
20 CONTINUE
1 FORMATI(IJ)

L
¥
2
THIS PROGRAM CALCULATES ENGINEERING STRAINs TRUE STRAIN, ¢
L )
¥
¥

Lo



R I R R ey

-

2 FORMAT(AX(FS.3)
3 FORMAT(LX¢F5.091XeF&a2)
% FORMAT (11XoF6e001XoF%e291XoF6e291XoF6e30lXoFb6aloiXoFBe392Xy
+FBe392XF643)

5 FORMAT(T124*LOAD®4T18¢*CHART® 4T26 4 ENG.* 4 T334 *1+E%,T39,*TRUE®,
+T6s*TRUE*4T534%L0G10%4T61¢4*L0GL0?)
6 FORMAT(T184*ELONG.*¢T254?STRAIN®4T38,*STRESS® ¢ T454*STRAIN®,
+T534*STRESS* 4 T614*STRAIN®)
FORMAT(T124%LBS o * g T199*INS* ¢ T274%%% 47394 ¥KSI*/)
FORMAT(A104A104A10)

FORMAT (1H14///7//T12,*EXTRUSION NUMBER®,3A410)
FORMAT (12)

FORMAT(T124%( PLASTIC STRAIN )*/)

CONT INUE

sTOP

END

N = O e~

L1

feia e ee s e a - o P Ry S
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STRESS-STRAIN 2 (CORRECTED TOTAL STRAIN)

« & & ¢ =

THIS PROGRAM CALCULATES ENGINEERING STRAINs TRUE STRAIN,
TRUE STRESSs LOG10(TRUE STRAIN)y AND LOG10(TRUE STRESS)
FROM CHART ZLONGATION (IN INCHES) AND FROM LOAD VALUES —~*
) L4
(XXX TSRS ARSI RS RS 2RESSRSSSISSSSISRRSSS RIS RS S S R L 2 X
DIMENSION ANO(3)

CHTFACT=2.86

THIS FACTOR IS USED TO CONVERT CHART DISPLACEMENT. IN INCHES,
TO % ENGINEERING STRAIN FOR A UNIFORM SECTION LENGTH OF =~
1.75 INCHES

READ(5411) I

READS NUMBER OF DATA SETS

DO 20 M=1,I

READ (548) ANO

READS EXTRUSION NUMBER

READ(541)L

READS NUMBER 0% CHART POINTS

READ(543) ALO¢DELLO

READS COORDINATES OF A POINT ON THE ELASTIC PART OF THE CHART
READ(542) D

READS SPECIMEN DIAMETER
WRITE (649) ANO

WRITE (6412}

WRITE (645)

WRITE(646)

WRITE(647)
RATIO=DELL0/ALO
A=3.1416%D%*2/4,
E=16.5 E6
AEINV=1./(A*E)

DO 20 N=1,L
READ(5¢3)AL+DELTAL

L AR R BN BE B ]

" READS COORDINATES OF A POINT ON THE CHART "(LOAD IN LBS AND "~

DISPLACEMENT IN INCHES OF CHART)
ENG=(DELTAL-AL*RATIO) *CHTFACT+AL®AEINV*100.
CALCULATES ENGINEERING STRAIN FROM TOTAL CHART INCHES BY FIRST
SUBTRACTING AN EXTRAPOLATION OF THE INITIAL LOADING CURVE.
ELASTIC STRAIN IS ESTIMATED FOR E = 164500 KSI AND IS ADOED TO
THE PLASTIC STRAIN DETERMINED FROM THE CHART. THE STRAIN'IS
THEN AN ESTIMATE OF 'TOTAL CORRECYED STRAIN'

STRN=0.01%ENG
TERMA=1.+STRN
EPSILON=ALOG(TERMA)
SIGMA=0.001*AL*TERMA/A

b2



TERNB=AL0G10 (EPSILON)
TERMC=ALOG10 (SIGMA)
WRITE(6¢4)ALDELTALJENGoTERMA4SIGMAGEPSILONSTERMC4TERMB
20 CONTINUE
1 FORMAT(I3) .
2 FORMAT{1X4F5,.3)
3 FORMAT(1XeFSe001XeF&e2) —_— i o
b FORMAT (11X oF 6.0 91lXgFle29iXoFB6a2¢iXaF6a301XoFbel9iXeFbBs3e2Xs
0F603’2XQF603, -
S FORMAT(T12¢*LOAD® ¢ TL8¢*CHART¥qT26¢%ENGe*oTI39*1+E*4T3I94*TRUE?,
+TL69*TRUE® 4T53¢%L06G10%4T614*LOG10") ,
6 FORMAT(TL18¢%ELONG.*¢T25¢*STRAIN®¢T38*STRESS*9TU54*STRAIN®,
+T53¢*STRESS® 9 T614*STRAIN®*) = .
7 FORMAT(T12¢%LBSe*9T19¢PINS¥4T27¢%/%4T394*KSI*/)
8 FORMAT(A104,A104A10) .
9 FORMAT(1H14///777/7T124%EXTRUSION NUMBER®43A10)
11 FORMAT(I2) . o
12 FORMAT(T124*( CORRECTED TOTAL STRAIN )*¥/)
STOP
END




T.2.

Output From Programs of Appendix L

ZXTRUSTION NUMBER 33795
( PLASTIC SI1RAIN)

LCAD
LBS.

1e800,
17200,
17400,
17500,
17750,
17500,
17300.
18000,
18100,
18200,
18300,
1300,
183200,
14300,
16200,
18100.
17750,
16500,

CHART
cLONG,

INS,

2.51
2.71
2.91
3.12
3.31
3.51
3.71
3.91
bo12
o 31
be51
be7l
be91
5012
5031
3,51
571
Be02

NG

STRAIN

%

+12
052
1.01
1.52
2,00
20.)5
3.09
3.62
4el?
LehT
5420
5.79
5,35
He95
7.53
RelS
Be47
10.28

1+¢

1.001
1.005
1.010
1.015
1.020
1.026
1.031
1.035
1.642
ieNG7
i.032
1.058
1.J03
1.009
1.075
1.081
1.083
1.103

TRJE

TRUE

STRZSS STRAIN

KSI

174.8
132,7
135.7
184.2
189.7
191.8
193,.,9
195.0
198.C
200.1
201.2
02,3
205k
205+ %
203.5
200,39
133.,1

Ly

001
« 005
«010
+ 015
020
o025
+»030
« 036
L] 0“1
L)
. 051
0055
o062
« 057
073
«073
. 085
«0933

LOG10
STRESS

2¢243
20255
2.262
2.269
24275
2.278
2.283
2.287
2.292
24297
2,301
2,304
2:306
24308
2.308
2+308
2.303
2277

-0610
STRAIN

=2.938
2,28k
~1,.,999
-1.820
-1.702
=1.598
-1. 517
~1,450
«1,388
=1. 340
-1,295
=1,251
-1.211
~1.173
-1.139
“1,106
1,071
-1.009



EXTRUSION NUMBER 3303
( PLASTIC STRAIN )

LOAD CHART ENG. 1+€ TRUE TRUE L0OG10 -0610
ELONG. STRAIN STRESS STRAIN STRESS STRAIN
LBS, INS. % KSI

16550. 2.81 13 1.001 1b66.5 001 2.221 =-2.880
16900, 3.01 5S4 1.005 170.7 « 005 2,232 -2.271
17200. 3.20 0 94 1.009 176,46 « 009 22642 ~-2.030
17650, 3.41 1.42 1.014 177.8 e 014 2.250 ~-1,.,851
17775. 3.81 2ol 1.024 182.9 «024 24262 =1.624
17300. %.01 2.92 1.929 185.1 « 023 2.267 =-1.541
18000, 4.21 Ity 1.034 187.1 «03% 2,272 <=1,4790
18100. 4.4t 3,97 1.040 189.1 839 24277 ~1.410
18150. 4.51 452 1.045 190.5 2 040G 24280 -~i.355
18175, 4.81 5.0 1.051 191.9 + 0350 2.263 -1,305
18200, S5.01 S.64 1,056 193.1 « 055 2,286 ~-1.261
18250. 5.21 6.18 1.062 19%.7 «060 2.289 -1,222
18250, 5441 676 1.063 195,7 0065 2292 =-1.185
1200, 5.61 7¢35 1,074 196.3 071 20293 =1.149
18100. 5.81 7.97 1.088 196,32 077 2,293 -1.,115
16000. 5.01 8459 1.080 196.4 + 082 2¢293 =-1.08%
16500, H452 16,77 1,108 183.5 «102 2.264 -«990

Ls




EXTRUSION NUMBzR 3272
( PLASTIC STRAIN )

LCAD
LBS.

17500.
17650,
17780.
17300,
18000.
18100,
18150,
18180,
18200.
18200,
168180,
18150.
18100,
1€500.

CHART
ELONG.

INS,

3.57
3.77
3.97
Gel?
bLe37
4.57
be?7
4497
5.17
5437
5.57
5.77
5.97
7.01

ENG-

STRAIN

%

40
«89
1.39
1.89
2441
2.92
Jet?7
4.02
4.58
5.15
5.74
65¢33
693
10.74

1+E

1.004
1.009
1.014
1.013
1.024
1.029
1.035
1.040
1,046
1.052
1.057
1.063
1.069
1.107

TRYE

TRUE

STRESS STRAIN

KSI

173.5
175.9
178.1
180.2
182.1
184.0
185.5
185.8
183.0
189.1
183.9
190.7
191.2
181.5

46

+ 004
«009
o014
+019
024
«029
o034
«033
+ 045
«050
+056
«061
« 067
0102

LOG10
STRESS

2,239
2.245
2e251
€256
242060
24255
24268
2,271
2.274
2,277
2.279
2.280
2.281
24259

-0610
STRAIN

~2.398
~2,053
=1,861
-1,727
~1.,623
=1.540
*1.467
1,404
1,349
=1.299
-1,253
-1,212
“1.174

~+991




SXTRUSION NUMBER 3335
( PLASTIC STRAIN )

LOAD CHART ENG. 1+¢c TRUE TRUE L0G10 -0610
ELONG. STRAIN STRZSS STRAIN STRESS STRAIN
LBS. INS. Z KSI

1£550. 2.72 «16 1,002 165.5 .002 2.221 -2.800
1¢900. 2.92 «57 1,006 170.8 « 005 2,232 <-2.246
17150, 3.12 1.03 1.010 174.1 «010 2,241 ~=1.991
17450, 3.32 1.4 1,015 177.9 014 2.250 -1.839
17550. 3.52 1.9 1.019 180.8 013 2.257 -1,716
17750, 3.72 2.47 1.025 182.7 «024 2,262 =1.613
17300, 3.92 2,97 1.030 185.2 .029 24268 =-1.534
16050. %.12 J.47 1.035 187.5 + 034 2,273 -1.467
18125, 4432 be01 1.040 189.4% +039 26277 -1.405
18200, 4452 4,55 1.045 191.2 Dl 2281 -1,352
18275, 4472 5,09 1.051 192.9 + 050 2,285 -1,305
18300. %.92 5.66 1,055 194.2 « 055 2.288 -1.260
18350, 5.12 6,19 1.062 195.8 . 060 2292 ~-1,221
18350. 5.32 6¢77 1.068. 195,.8 « 065 2,294 -1.184
18300, 5452 736 1.074 1974 071 2.295 ~1.149
18250. 5.72 7.95 1,080 197.9 «077 2.297 -1.116
18075, 5,92 8eb1 1.086 197.,2 «083 2.295 -1.083
17700, 6.13 9.38 1.034¢ 194.5 + 030 2,289 -1,047

b7




EXTRUSION NUMPER 3331
( PLASTIC STRAIN )

LOAD
LBS.

15700.
1£900.
1e250.
16400,
1&5009
16700,
16800,
16300,
17000,
17100,
171¢0.
17200.
17200.
17200.
17200.
16700.

CHART
ZLONG.

INS.

2.18
2437
2.50
2.77
2,97
3.17
3.37
357
3.77
3.97
“e17
be37
L.57
be?77
be97
5.08

ENG.

STRAIN

%

e

37
1,23
1.42
2.36
2.85
3.39
3.93
beubh
5.,00
5¢53
5.10
6.68
7.25
7.82
8,32

1+¢

1.00%
1.009
1.013
1.0138
1.024
1.029
1.034
1.039
1.045
1.050
1.055
1.061
1.067
1.072
1.073
1.033

TRUz
KSI

165.7
16%.6
173.0
175.6
177.6
180.5
182,.5
134.7
186.7
183.8
160.3
191.9
132.9
193.9
195.0
190.?

TRUE

48

STRESS STRAIN

«004%
«009
«013
018
«023
«023
«033
«039
e 044
« 049
05k
« 059
065
«070
075
«080

L0G10
STRESS

2.219
2.227
2,238
24244
20249
24257
24262
24266
2.271
2276
24279
24283
2,285
2.288
2.290
2.279

-0610
STRAIN

“2.401
=2.,064
-1.89%
“1.743
“1.632
«1.550
“1.077
“1.414
~1.360
=1.312
-1,268
=1.227
1,190
'10155
~1.123
-1.,097



EXTRUSION NUMBER 3246
( PLASTIC STRAIN )

LOAD SHART £NG. 1+E TRUYE TRUE LOG1O .0619
ZLONG. STRAIN STRZSS STRAIN STRESS STRAIN
LBS. INS. % KST

12700. 2.10 «09 1.001 130.5 «001 2,116 =-3.068
12700. 2.21 40 1.004 131.0 « 004 2.117 -=2.399
12300, 2.41 93 1.009 132.8 «009 20123 -2.036
12870, 2.61 1.46 1.015 134.2 « 015 2,128 -1.837
12900, 2.81 2.02 1.020 135.2 +020 2.131 -1.698
12970. 3.01 2456 1.026 135.7 « 025 24136 -=1.597
13000. 3.21 3,12 1.031 137.8 031 2,139 -1,.512
13010. 3.41 3.69 1.037 133.6 0 036 2e142 1,441
13070. 3.61 4e23 1,042 140.0 o041 2,146 =1.383
13080, 3.81 beB0O 1.048 140.9 e 047 2.149 -1,329
13080, 4.01 5¢37 1.054 141.6 « 052 2.151 -1.281
13080. 4.21 5.94 1.059 142.4 « 053 24154 -1.239
13075, 4ob1 6552 1.065 143.1 « 063 2,156 ~-1.200
13050, 4.61 710 1.071 143.5 « 063 24157 -1.164
13013. 4.81 769 1.077 144.0 074 2.158 -1.,130
13000. 5.01 8.27 1.083 144.5 «079 2.160 -1.100
12280, 5.91 11.18 1.112 140.3 «105 24147 =+ 975
10500, 6483 14.64 14146 123.7 137 2.092 -.864

k9




EXTRUSION NUMBER 3431
( PLASTIC STRAIN )

LCAD
LBS.

14000,
14200,
1u700.
1“5000
16900,
14950,
15000.
1¢000.
12100,
1£190.
1100,
1£1400.
15100,
1£100.
12000,
14800,
14400,
14000.
13100,

CHART
ZLONG.

INS,

2416
2.31
2453
2.73
2.495
3.15
3.35
3.1
3.77
3.97
be16
Le36
L.58
L.88
5.37
5.46
hel?
60“0
5.75

ENG.

STRAIN

%

« 05
39
81
1,33
1.92
2.47
3.02
3eu?
4417
G.71
5.29
5.85
6+49
7435
8.79
10,29
11,35
12.18
13457

-

1+

1.001
1.004%
1.003
1.013
1.01)
1.026
1.030
1.035
1.042
1.047
1.053
1.053
1.005
1.073
1.083
1.103
1.113
1.122
1.135

TRUE

TRUE

STRISS STRAIN

KSI

143.9
14545
152.3
154.1
156.0
157 .4
153.8
153.5
161.6
16344
18344
15443
165.2
165.6
157.7
167.7
164.8
161.4
152,19

50

001
« 004
008
2013
«013
024
«030
« 034
« 041
s 0U5
052
057
063
071
084
« 094
«107
«115
127

L0G10
STRESS

2.158
24156
2,183
2.188
2.193
2,197
2,201
2,203
2.209
2+213
2.213
2,216
2.218
2,222
2.225
2,225
2.217
2,208
2.18%

-.0610
STRAIN

-3.288
=2.405
=2.,097
-1.878
-1.721
=1.513
“1.527
“1.466
-1.388
~1,337
-1,288
“1.244
-1,201
=1.149
'1007“
-1.009

‘|969

=.940

‘0895



EXTRUSION NUMBER 3109
( PLASTIC STRAIN )

LOAD CHART

LBS.

12700,
12600,
12610,
12520.
12650,
12700,
12700,
127 00.
12700.
12680,
12650.
12590,
12490.
12300.
9700,

ELONG.

INS.

2,10
2.23
2.51
2.91
3.20
3.40
3.61
3.80
be00
4,20
Lol
4.60
beB1
5.51
He54

ENG.

STRAIN

4

023
065
lotl
2458
3.40
3.95
4.55
5.09
5.656
625
6.83
Told
8.08
10.17
14.29

1+c

1,002
1.006
1,01
1.025
1.03¢
1.039
1.045
1.05%1
1.057
1.062
1,058
1.074
1.081
1.102
1.143

TRUYFE

TRUE

STRZSS STRAIN

KSI

134.56
134.1
135.3
13543
133.3
139.6
140.4
161.1
141.9
1642.5
142.9
143.0
1642.7
143.3
117.2

51

«002
« 000
014
« 025
«033
033
04
«050
+ 055
+ 061
« 066
072
078
« 097
o134

L0G10
STRESS

2.129
2.127
2.131
2,130
2.141
2.145
24147
2,150
2.152
2.154
2.155
24155
24155
2.156
2.069

-.0610
STRAIN

~2.5637
~2.190
-1.843
=1.593
1,476
-1.412
-1,.,352
1,304
=1.259
-1.218
-1.180
‘101“5
=1:110
-1,01¢%

874




CXTRUSION NUMB:ZR 3236
( PLASTIC STRAIN )

LCAD
LES,

12509,
13450,
14100,
14300,
14400.
14450.
144540,
16450,
14450,
14450,
14500,
14500,
1,200,
14000,
127510,
12700.

CHART
ELOMG. STRAIN

INS,

1.69
1.384
2.25
2446
2.65
287
3.06
3.?6
J.u6
360
433
5650
5.76
5.96
£.53
5450

t NG,
A

« 01

o 07
.99
1.51
2.02
2¢63
3.17
374
4,32
4.89
be79
10.13
10.93
11.64
13.75
13.97

1¢ €

i.003
1.001
1.010
1.015
1.029
1,025
1.032
1.037
1.043
1.043
1-063
1.101
1.11)
1.110
1.138
1.140

TRUE
KsI

127.0
135.7
1447
1u7,5
149,3
150.7
151.5
152,32
153.2
154.0
157.3
162,.,2
160.1
153, 8
14744
147.1

TRUE
STRZSS STRAIN

«000
. 001
0010
« 015
« 020
025
» 031
037
042
0438
+ 065
«097
o104
110
+123
0131

LOG10
STRZSS

2,104
2.136
2.160
2.169
2.174
2.178
2,180
2.183
2.185
2.187
2.197
2.210
2.204
2,201
2.158
2.168

-0610
STRAIN

~4,1u456
'30159
-2.006
-1,823
~1,599
-1.,586
=1.505
1,435
=1.374
=1,321
“1.153
=1.015

-.982

=«958

-+890

-+883



EXTRUSION NUMBER 3239
( PLASTIC STRAIN )

LOAD CHAPRY ENG. 1¢2 TRUE TRUE LOG10 -0G61n
SLONG. STRAIN STRESS SYRAIN STRESS STRAIN
LeS, INS. 4 KSI

11100. 1.94 «35 1.003 123.4 «003 2.091 -2.457
11290, 2.14 «83 1.008 125.1 «008 2,101 =-2,081
11390. 2,35 1.39 1.014 127,9 2014 2,107 -1,.861
11410, 2,55 1.95 1,013 128.9 « 019 2.110 -1.714
11500. 2.74 2.45 1.025 130.5 024 2.116 =-1.616
11550, 2.94 3.00 1.030 131.8 «+030 2120 -1.529
11500, 3.14 3.55 1,035 133.1 « 035 2.124 ~=1.458
11610. 3.3¢4 b.12 1.041 133.9 « 040 2e127 =1.394%
11680, 3.54 4.65 1.047 135.4 o 045 2.132 -1.342
11700, 3.73 519 1.052 135.4 «0N51 2,135 -1.296
11710, 3.34 5.78 1.058 137.2 050 2,137 -1,2510
11730, 4,13 6.32 1.063 138.2 «061 2.140 ~-1,213
117303, L34 6692 1.063 133.0 2 067 24143 =1,175
11730, 4.54 749 1.075 139.7 072 2.14% =-1,141
11760 L.74 8,08 1,081 140.1 «078 2.16 =-1.110
11400. 5,54 10.51 1.105 133.6 «100 2,145 -1.000
11010. 5.9 11.83 1.118 136.4 o112 2.135 =+ 9518




EXTRUSION NUMBER 3241
( PLASTIC STRAIN )

LOAD
LBS.

12580,
12800,
1238840,
129%0.
13000.
13040,
13110,
13120,
13120,
13100,
13080.
13000.
12800,
11100.

CHART
SLONG.,

INS,

2.09
2.29
2.51
2.70
2.90
3.10
3.29
3.49
3.69
3.90
4.09
428
be68
5.95

ENG.

STRAIN

%

21
73
1.32
1.83
238
2.92
3el45
be02
4.59
5.20
5.75
633
755
11.97

1+E

1.002
1.007
1.013
1.018
1.024
1.023
1.034
1.060
1.040
1.052
1.057
1.003
1.076
1.120

TRUE

TRUE

STRESS STRAIN

KSI

132.8
134.8
130.4%
137.3
139.1
140.7
161.8
142,.7
143.4
144.1
144,0
164445
143.9
123.9

54

« 002
«007
«013
013
e02%
«029
« 036
« 039
« 045
« 051
056
« 061
073
113

L0G10
STRESS

2,123
2,130
2,135
2.139
24143
24148
2.152
2154
2.157
2.159
2.160
2.160
2.158
2¢114

-0610
STRAIN

“2.6756
'20139
-1.882
=1.741
-1.628
=1.541
-1.470
1,405
-1,348
-1.295
-1.253
-1,212
'10137
-e 947



EXTRUSION NUMBER 3243
( PLASTIC STRAIN )

LOAD CHART ENG., 1+& TRUE TRUE LOG10 -0G10
ZLONG. STRAIN STRESS STRAIN STRESS STRAIN
LBS. INS. % KSI

12100. 2.10 30 1,003 131.3 0003 2.118 <=2.529
12250, 2,30 B0 1,008 133.6 «003 2,126 -2.100
12310. 2.50 1.,3¢ 1,013 135.0 «013 2.130 -1.875
12400, 2,70 1,87 1.019 136.7 «019 2,136 ~1.732
12430, 2,90 2.43 1.024 137.8 024 2,139 -1.520
12510, 3.10 296 1,030 139.4 « 029 2¢144 =1.535
12550. 3.30 352 1,035 140.5 + 035 20148 ~1,462
12600, 3,50 4be06 1,061 141.9 « 040 2,152 -1.400
12600. 3.70 bebl 1,045 142.7 « 045 2.154 =1, 3u4%
12580, 4.20 6¢08 1.061 144.0 «053 2.160 =1,229
12500. %.50 65,97 1.070 1‘0‘007 067 2.160 “1.171
12200. 4,90 8426 1.083 142.9 079 2.155 -1,101
10900. 5.90 11.73 1.117 131.8 o111 2.120 -+ 955

55




EXTRUSION NUMBER 3234
( PLASTIC STRAIN)

LCAD
LES.

12000,
12400,
12500.
12580,
12600,
12620,
12580.
12590.
12960,
12690.
12680,
126010,
12400,
122040,
10700.

JHART
ELONG.

INS,

2.00
?.21
2.40
2.61
2.79
3.01
3.21
3.4
3.61
3.80
4.00
4b.30
4o 80
5.01
heNO

ENG.

STRAIN

A

«02
o3
93
1.49
2.00
2462
3.16
3.70
bel?
be.84
S5eu2
532
7.8
8.54
12,08

1+ £

1.000
1.004
1.003
1.015
1.020
1.025
1.032
1.037
1.042
1.048
1.054
1.063
1.078
1.04%5
1.121

TRUE

TRUE

STRZSS STRAIN

XSI

124.0
123.7
1304
131.9
132.8
133.8
135.2
1335.0
139.5
137.5
133.1
138.4
138.2
1356.8
123.3

56

»000
+ 004
«003
045
2020
0025
«031
+ 035
« 001
047
053
« 051
SU75
«082
o115

L0510
STRESS

2.09¢
2.110
2.115
2.120
20123
2+.127
2131
20134
2.145
2.138
2.140
20143
2.101
2.136
2.093

-0510
STRAIN

=3.641
~2.364
'2-03“
-1.829
=1.704
~1.588
'1.507
=1.440
~1.389
«1,325
~1.278
-1.,213
-1.,122
-1.087

-0943



EXTRUSION NUMBER 3157
( PLASTIC STRAIN )

LOAD GCHART ENG. 1+¢¢
ELONG., STRAIN
LBS, INS. %

12500, 1.75 10 1.001
12700. 1.95 04 1.005
12800. 2.15 1.17 1.012
12900. 2.35 1.70 1.017
1300C0. 2.55 2.24 1.022
13100. 2.75 2.77 1.028
13200, 2.95 3.30 1.033
13200. 3.15 3.87 1.033
13200. 3.35 belt5 1,044
1320r. 3.55 5.02 1.050
1310ds 3475 5.63 1.056
13100. 3.95 .20 1.062
13000. 4415 6.81 1.068
12800. 4.35 7.46 1,075
11500, 5.38 10.87 1.109

TRUE

TRUE

STRESS STRAIN

KSI

128.9
130, 5%
132.3
134.1
135,8
137.5
139.3
140.1
140.9
141.5
1 % Y
142.2
11,8
140.5
131.4

o1

«001
»005
« 012
«017
022
027
v 032
« 033
e 0l
o063
« 055
« 060
« 060
072
«103

LOG1C
STRESS

2.110
2,115
2.122
2.127
2.133
2.138
2elbl
2+146
2.149
24451
24150
2,153
2+152
2e148
2.119

-.0610
STRAIN

-2.983
-2.137
=1.934
‘10772
=1,655
-1.564
-1.488%8
-1.420
-1.361
-1, 310
1,261
=1,221
-1.181
=1.143
~+986

—o At s b B

T Y

e




EXTRUSION NUMBER 3174
( PLASTIC STRAIN )

LOAD CHART

LRS,

12700,
12700,
12700,
12750.
12750.
12750,
128400.
172800,
12800,
-12800.
12300.
12800,
12800.
12800,
12800.
12800,
12500.
12400,
10000.

ELONG.

INS.

212
2.33
253
2413
2.93
3.13
3.33
3.53
3.73
3.93
413
433
4¢53
b.73
4.93
5.13
5.33
5.53
6.92

ENG,

STRAIN

%

25

85
1.42

26
2 55
3.12
3.67
be24
4.81
5.38
5.95
553
7.10
7.67
8.24
8.81
9,48
10.14
15.22

1% €

1.003
1.009
1.014
1.003
1.025
1.031
1.037
1.042
1.048
1.054
1.060
1.065
1.071
1.077
1.082
1.083
1.095
1.101
1.152

TRJE
KSI

130.1
130.9
131.5
130.6
13346
13443
135.56
135.3
137.1
137.8
138.5
139.3
1640.1
140.8
141.5
162.3
140.9
139.6
117.7

TRUE

58

STRZSS STRAIN

«003
«008
010
«003
« 025
«031
«035
o 0b2
047
+ 052
«058
+063
« 069
e 074
073
« 084
» 091
«097
LY

L0510
STRESS

2.114
2.117
2,119
2.116
2.126
2.128
2132
2.135
2,137
2.139
2.142
2e1bl
24146
24149
24151
2153
2.149
2e145
2.071

-0510
STRAIN

«2.600
=2,071
-1,849
=2.590
-1,600
“1.513
=1.4404
-1,382
-1.328
-1.,280
-1.238
=1.199
=1.164
-1,131
-1,101
«1.,073
1,043
-1,015

'06“9
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EXTRUSION NUMBER 3475
( “LASTIC STRAIN )

LOAD CHART

L8S.

16400,
14790,
15000,
15100,
15200,
15220,
152940,
15300.
16320,
1£350.
1£350.
15350.
15350,
15350.
1£300.
15300.
15200,
15000.
146400,
12000.

€. ONG.

INS.

2,31
251
2.73
2.99
3.21
3.kl
3.61
3.61
be11
bo31
be52
Le70
4091
5.11
530
560
5.92
604
5.88
7.84

ENG.

STRAIN

%

«02
bl
94
1.64
2423
2.79
3,33
3.90
47l
5430
5490
Sek2
7.02
7.59
8.16
9.01
3.99
10.41
13.09
16,93

L1+E

1.000
1.004
1.009
1.016
1.022
1.028
1,033
1.039
1.047
1.053
1.059
1.064
1.070
1.076
1.082
1.090
1.100
1.104%
1.131
1.169

TRIUE
KSI

143.1
147.5
150.4
152,5
1S4, 4
155+ %
157.0
157.9
150 ,0
16045
151,.5
162.3
163.°2
164.1
164.4
165.7
166.1
164.5
161.8
133.4

TRUE

STRESS STRAIN

«000
o D04
«009
«016
«022
027
+033
«033
«04b
e 052
«057
«062
«063
«073
«078
« 085
«095
+ 099
«123
*156

29

LOG10
STRESS

2.156
2,169
24177
2.183
2.189
2,191
2.196
2.198
2,203
2,206
2.208
2.210
2.213
2.215
2.2156
2.219
2.220
2.216
2.209
2.144

-0610
STRAIN

«3.766
'20387
-2.027
-1,788
-1.657
-1,561
1,485
1,418
“1.334%
-1.287
«1,241
-1.206
-1,169
-1.136
-1,1086
-1,054
-1.,022
-1,004

-.910

‘0506




EXTRUSION NUM- =2 3241
( CCRRECTED TLVWAL STRAIN )

LOAD CHART NG, 1+c TRUE TRUE 1.0610 L0G10
cELONG. CSTRAIN STRESS STRAIN STRESS STRAIN

LBS. INS, % KSI

12503, 2.00 +83 1.008 131.7 008 24120 =2.084

12700, 2.10 1.0 1.010 134.1 «010 2,128 =1.987
12750, 2.20 1.%30 1.013 135.0 0013 2,130 -1.488
12800, 2,30 1.57 1.016 135.9 016 2,133 -1.808
12850, 24460 1.2 1.0139 13648 + 018 26136 =1.740
12900. 2.50 ’e10 1.021 137.7 021 2139 -1.682
12980, 2.50 7e37 1,024 13B.6 023 2.142 =-1.631
12975, 2,70 2.6 1,026 139.2 « 026 2oiblh4 =-1.583
12990, 2.80 2492 1,029 139.8 «029 2¢145 =1.540
13010s 2.S1 3.20 1,032 140.4 032 2eit? -1,501
13025, 3.00 Tes8 14037 140.9 034 2149 -1.466
13050. 3.10 3.76 1,038 141.5 037 2:151 =1.433
13075, 3.20 o3 1,040 142.2 » 0410 2153 =1,403
13100, 3.30 +:31 1,043 142,.8 « 042 24156 -1,375
13125, 3.40 «e59 1,046 143.5 + 045 2157 =-1.258
12150, 3.50 4s8b6 1,049 144.1 o 047 2,159 -1.323
13150, 3.60 515 1.051 14445 2050 2.160 -1,.,299
13150, 3.70 teltw 14954 144.9 « 053 2.161 -1.276
13150. 3.80 5672 14057 145.3 « 056 2.162 =1.255
12125. 3.90 5002 14060 1645.% «053 24163 =1.233
13100. 4,00 3631 1.003 145406 e 061 2+163 -=1,213
12075, 4.190 Dbl 1.068 145,7 0ok 2:163 -1.194%
13050, 4420 t 90 1.999 145.8 « 067 ?elo4 =~-1.175
13025, 4+30 7420 1,072 146,0 « 071 2.164 =1,15%
12975, L,40 7e51 1.275 145.8 «072 2.164 =-1.,140
12925 4451 781 1,078 145.,7 075 2¢163 1,124
12875, L.ED 3412 1,081 145,F «073 2163 =-1.,108
12825. b4.70 Belb2 1.084% 145.4 081 2,162 -1.092
12725, 4,40 2e75 1,087 144.7 +NBY 2,160 =-1.076

Cn
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— EXTRUSION NUMBER 2167 -
( CORRENTED TOTAL STRAIN )

A IR e

LOAD CHART ENG. 1+E TRUE TRUF LOG1N LOG1O

—_ __ELONG, STYRAIN _STRESS STRAJN STRESS _STRAIN
LRS, INS, % KS1
11900, 1.55 54 1,005 122.3 « 005 2,087 =2.268
12600, 1,65 266 1007 _127,5 007 20106 =2,179
12600, 1.75 88 1,00¢ 129,9 « 009 2.114 =2,055
12700, 1,85 J_g_’-.‘!._ .._1_&9.1;_1 131,°2 « N11 20118 =1, 946 -
12700, 1.95 1,42 1,014 131.6 014 2119 ~1,850

__12750., 2,05 1,69 1,017 132.5 017 24122 =1.775
12R60, 2,25 2028 1,022 134,2 0022 2,128 =1.65%6
12900. 2.35 2.50 1,025 135.1 » 025 24131 =1.607
12950, 2,45 277  1.028 136.0 « 027 24134  =1.563 _
13100. 2.55 3.046 1,030 136.9 « N30 2,136 =1.5°73
13050s 265 e 1,033 137.8 033 2,139 =-1,487
13059, 2,75 3.0 1,03 138.1 « 035 2,140 =1,452
13050, 2.85 3.88 1,039 138.5 + 038 20142 =1,413
13100, 2.95 4.15 1,042 139,4 o N41 2ol =1,391
13150, 3,05 bol42 1,044 140.3 + 043 24147 =i.364
13150, 3.25 4,99 1,050 t&41.1 ¢« 049 24149 =1,312
13150, 3.35 5.28 1,053 141.,5 « 051 2.151 =-1.289
13150, 3,45 557 1.056_  141.8 + 054 2,152 -1,766
13150, 3,.%5 5:.85 1,059 142.2 « 057 2,153 =1,245
13150s 3465 6014 1,061 142.6 o060 2,154 =~1,225
13¢50, 3.75 hel?2 1,064 143.0 e N62 2.155 <=1.206
13150 3485 6471 1,067 1434 o065  2.156 =1,187
13150, 3.95 7.00 1,070 143.8 « 068 2.158 =1,170
13100, 4,05 730 1,073 143,6 + 070 20157 =1.152
13000, 4415 7.62 1.076 14340 « 073 24155 -1.134
129500 4.25 7.92 1.079 142.8 .076__ 2.155 -=1,118
12R0N, 4,325 8.7 1,083 141.,6 « 079 2.15¢ =-1,101
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_.EXTRUSION NUMARER 3234
( CORPECTEN TOTAL STRAIN )

LOAD CHART ENG. 1¢+F TRUE TRUE LOG10 LOG10
... _ELONGs STRATIN STRESS STRAIN STRESS STRAIN
LRS. NS, % KSI
12300, 2,10 Ot 1,009 128,3 « 009 2,108 =2,030
12400, 2,20 1,18 1,012 129,7 012 2113 =1.930
12450, 2.30 1.45 1.014 130.5 014 2116 =1,843
_...1250N, 2.40 1,71 1,017 131.4 017  2.119 =1,770
12550, 2.%50 1.99 1,020 132,3 020 2.12¢ =-1,708
12575, 2.60 _2.25 1,023 132,9 022 2,123 =1,652
12600, 2.70 2.53 1.025 133.5 « 025 2126 =1,602
12615, 2,80 2,81 1,028 134,0 0 028 24127 =1.5%7
12625. ?2.90 3,090 1.031 134,.5 + 030 2129 =1,517
12640, 3,00 _ 3.%7 1,034 135,0 033 2,130 -1,479
12650, 3.10 3.65 1,077 135,5 « 036 24132 ~=1.445
12675+ 3,20  3.93 1.0139 136,1 ,039 2,136 -1,414
12700, 3.30 Le?0 1,042 136,89 o 041 20136 =1,385
12700, 2o40  4e49 1,045 1371 <044 2,137 =1,357
__ 12700, %60 5076 1,051 137.9 049 2,140 =1,306
17700s 3,70 .35 1,053 138,13 « 052 2,141 -1.,283
.._12700, 3.80 5.6% 1,056 138.6 055 2,142 =-1.,261
12700, 3,90 5.92 1.059 129,N « 058 2.1L3 =1,240
12675, L.00 H5e22 1,062 139,11 « 060 2143 =1,220
12650, 4410 6e51 1,065 139,2 «N63 2,144 =1.200
12625, 4,20 _6.81 1.068 139,4 066 _ 2e1b44 =1,181
12600, 4o%0 7.11 1,071 139,.5 « 069 20144 -1,163
_...12575. Le40 7,40 1,074 139.6 = 071 2,145 ~-1,146_
12550, 4.50 779 1,077 139,7 e 074 2145 ~-1,130
12500, 460 Re0N 1,080 139,5 077 2,145 =1,113
12450, 4,70 8.31 1.083 139.4 «080 21044 =1,098
__ 12400, 4480 8.h2 1.086 139,2  ,083 2,144 =-1,083
12300, 4,90 R.94 1,089 138.5 « 086 2,141 =1,067
_.12200, 5.00 _ 9,77 1,093 137.,8 .083 2,139 -1,052
12100, 5,10 9,50 1,096 137.1 « 092 2177 -1,038
120"00 54?& ng3 1,999 135_)9_1 .095 j,o 115 '100?‘6
11900. 5,30 10,25 1.103 135.6 +» 098 2+17%2 ~-1.010
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EXTRUSION NUMRER 3235

( CORRECTEN TOTAL STRPAIN )
LOAD CHART  FENG.  14F  TRUE TRUE LOG10  LOG1O
. _ELONG, STRATN. STRESS STRAIN STRESS _STRAIN
LAS.,  INS, Y KSI
12800, 1,75 ¢85 1,009 131,22 ,N08 2,118 =2,072
13300, 14R5 97 14010 136,4 010 _ 2.135 =2,013
13709, 1.95 1,13 1,011 140.7 ,011 2.149 -1,949
C_ATRG0, 2,05 1.7 1.014 142.6 <016 2,154 -1,867
16100, 2415 1,57 1,016 145.,5 o016 2.1F3 =1,R07
) 142000 2425 1483 1,018 146¢3 o018 2,167 =1,742
14200, 2435 2,11 1,021 147.3 ,021 2.168 =1,680
14300, z.as 2037 14024 16R7 o N23 2,172 =1,631
14400, 2.55 2,62 14026 1501 026 24176 =1.587
164504 2465  ?2.89 1,029 151.1 0028 24179 =1,545
145000 2,75 3.16 1,032 152.0 o031 2,182 =1.507
_ 14500, 2,85 3,45 1,034 15244 <03 2,183 -1.470 _
14500, 2,95 3,73 1,037 152.8 037 2.184 =1.,436
145500 3,05 4,00 1,040 153,7  ,039 2,187 =1,405
14550, 3,15 4479 1,043 154.2 o042 2.188 =1,377
14550 3e25 4457 1.046 15446 4045 2.1R9 =-1,350
14550, 3,35 4486 1,049 155,0 047 2.190 =1,324
14550, 3445 5415 1,051 155.4 050 _ 2,192 =1,300
14550, 3,55 5,43 1,054 15549 .N53 2,103 =1,277
145500 3465 5472 14057 15643 4056 2,194 =1,255
14550, 2,75 6,00 14060 15647 058 2.195 <=1,234
_ 14600, 3.85  6.27 1.063 157.6  .061 = 2.198 -1,216
1“60"0 ’{.05 6-56 10066 15801 006‘0 Zciqq ‘1QIQ7
14600 4405 6484 1,068 15845 4066 2,200 =1.179
14600, 4,15 7,12 1,071 158,9 . N69 2,201 =1.,162
14600, 4,25 Tel2 1074 15943 o072 2,202 -1,145
1460N. L4356  7.70 1,077 159.8 <074 2,203 =1.130
14600, 445 7,99 1,080 16N,2 o077 2,205 =1.114
14600, 4o55 8,27 1.08% 160.6 +0R0 2.”2N6 =1,100
14600, 4465 B.56 1,086 161.0 082 2,207 =1,085
14600s 4475 B.85 1,088 161+5 <085 2,208 =1,072
14600, 4e85 9,13 1,091 161.9_ 087 2,209 =1.059
146NN, 6,95 9,42 1,004 162.3 000 2,210 =1,046
14600, 5.05 9,70 1.097 162.7 ,093 2,211 ~-1.03%
14550, 5,15 10,01 1.100 162.6 +095 2.211 =1.021
14500, 5,25 10,31 1,103 162.5 ,098 2,211 -1.008
14500, 5.235 10,60 1,116 162,9 101 2.212 =,997
14500, 5,45 10,88 1,109 1634k 4103 2,213 =.9R5 _
1645 N, 5,55 11.18 1.112 163.2 106 2.213 =-.975
14400, 5465 11,49 1,115 16341 109 2,212  =,96h4
14300, 5.75 11.R0 1,118 162.,4 <112 2,211 =,952

et - m et hommnie bdgnn
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£XTRUSION NUMRER 3149
( CORPKRECTZO TOTAL

LOAD
LGS,

12700,
12300,
12760,
12€%0,
12650,
12625,
12525,
12625,
1?2050,
12675,
12675,
12700,
12700,
12700,
12700,
12700,
12725,
12725.
12725,
12725,
1272%.
12725.
12725,
12760,
12075,
12650,
12650,
12600,
12575,
12525.
12450,
12350,

SHART
ZLONG,

INS,

2.00
2410
2.20
2430
2440
2.50
200
2.70
?.80
2.90
3. 00
3.10
3.20
3.20
340
2.50
3,60
3.70
2,80
3.90
+.00
Lel0
L,20
Le30
heb0
L.S0
L.80
470
beb1)
4,90
500
5.10

STRAIN )

ING., 1+t
STRAIW

%

76 1.003

+97 1,010
1.33 1.013
1.6 1.015
1,92 1,017
2.22 1.022
2450 1,025
279 1.028
3.07 1,034
2.3« 1,033
J.63 1.03¢
3,90 1.033
Lbe19 1.042
4e04% 1.045
4be76 1.043
2405 1.050
532 1.053
5.61 1.0%¢
5,97 1.059
be18 1.062
b7 1.065
6.75 1,008
7.06 1,070
7.3 1,073
7.63 1.070
793 1.079
6.21 1.032
8.52 1,085
.82 1.08%
9.12 1.091
Yol 1.094%
.76 1.093

TRUE
KSI

13542
137.7
135.1
13540
135,23
136.5
136, R
137.2
137.9
133.5
133,¢
129.5
133,9
140,3
140.7
141.1
14147
142,1
142.9
141.3
14346
14,0
164.1
144.,3
1044
14,8
144,.6
144,7
14645
144,19
143.3

6k

TRUE
STRZSS STRAIN

«003
+010
«013
016
013
«022
0 02%
023
+ 030
+033
0035
«033
001
044
047
« 049
« 052
« 055
057
« 060
063
« 065
«068
«071
074
« 075
«079
.082
« 084
«087
«090
« 093

L0G10

STRESS

2.131
2.139
2134
2.133
20135
2.135
24136
24137
2.139
2.141
2,143
24 145
24146
24147
2.148
2.149
2.151
2153
2¢154
24155
2.156
2.157
2.158
2+159
2.159
2,159
2.161
2.160
2.160
2.160
2.159
2156

LOG10
STRAIN

'2.122
-2.017
-1.,879
=1.790
-1.720
-1.653
-1.607
-1.560
-1.520
-1.,483
=1.448
-1.,417
'1.387
-1.359
-1.332
~1,308
=-1.23%5
=1.263
=-1.,242
=-1.222
'10203
-1.185
-1.167
-1.150
-1,133
-1,117
-1,103
-1.087
-1.073
-1,059
-1,045
-1.031



EXTRUSION NUMBER 3272
( CORRECTED TOTAL STRAIN)

LOAD CHART ENG, 1+ TRUE TRUE
ELONG. STRAIN STRESS STRAIN
LBS., INS. % KSI

16380, 3407 58 1,006 162.8 006
16590, 3.17 76 1,008 165.1 .008
16780, 3.27 95 1.010 157.3 +009
1€900., 3.37 1.18 1.012 168.9 «012
17030. 3447 1.40 1.014 170.6 014
17190. 3.57 1.60 1.016 172.5 015
17300, 3.67 1.83 1.018 174.0 «018
176400, 3.77 2.07 1.021 175.5 «020
17500, 3.87 2,31 1.023 176.9 23
17590, 3.97 255 1.025 179.2 «025
17650, 4.07 2.80 1.028 179.3 .028
17730, 4.17 3,05 1.030 180.5 030
17800, 4L.27 3.30 1.033 181.7 +032
17850+ 4437 356 1.036 182.6 0035
17900, 4.47 3.82 1.033 183.¢ 038
17950, 4.57 4.08 1.041 184.€ 040
18000, 4467 o34 1,043 185.5 043
18030, 4477 beb61 1.046 18543 « 045
18100. 4.87 4e87 1.049 187.% 048
18130. 4.97 Se.14 1.051 188,3 «050
18150, 5.07 Se41 1.054 189.0 +053
18200, 5417 5.67 1,057 190.0 + 055
18230, 5.27 5.94 1.059 190.8 «058
18250, 5.37 6.22 1.062 191.5 . 060
18250, S.47 651 1.065 192.0 +063
18250+ 5.57 6.79 1.068 192.5 + 066
18250, 5.67 7.08 1.071 193.1 «068
18250, 5.77 7.36 1.074 193.6 o071
18250 5.87 765 1.077 194.1 o074
18230. 5.97 795 1.079 19%4.4 «076
18200. 6,07 8,25 1.082 194.6 «079
18150. 6.17 8.56 1.086 194.7 «082
18100. 6.27 8.37 1.089 194.7 + 085
18000. 6.37 9.21 1.092 194.2 . 088
17900. 6e47 9.54 1.095 193.7 «091

65

LOG10
STRESS

2.212
2.218
2¢224
24228
2.232
24237
2.241
2e2h4t
2+248
2.251
2.253
24256
2259
24262
2.264
24266
24208
2,270
2.273
2.275
24276
2.279
2.281
2.282
2283
2.285
2.286
24287
2,288
2.289
2.289
2.289
2.289
2+288
24287

LOG10
STRAIN

-2.239
-2.121
-2.024
-1,932
-1.8%8
-1.798
-1.740
-1.688
=1.642
-1.599
-1.,558
'1.522
-1.489
-1.456
=1.426
-1.398
-1,371
-1.346
-1.323
-1.300
-1.278
-1.26%8
-1,238
'1. 219
-1.200
-1,132
-1.165
-1.148
-1.132
-1.117
-1.101
-1.086
-1.071
=-1,065
-1,040



