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SUMMARY

In the design of overhead &lectrical transmission lines it is
necessary to include the effec;s_gf creep. There are two aspects to the
creep of these transmission lines which are of interest: cne is the long
time creep behavior when the ﬁablé is ‘expected to be in ‘service for a
number of years hﬁder various weather and loading conditions; the other
is the shovt time transien€ ‘éréép behavior which has significédnce when
the lines are first constructed and the'cablé must ‘be strung or "sagged
in" in such a manner that equal tension is maintained throughout the line.
Thismthisi;hésisoiseconcerned'ﬁitﬁhtﬂershérf“tiﬁe'(lOO'hdurS) room tem-
ﬁéiégﬁrelgiéﬁsiéhéﬁgEeep behaviot of a typical hard drawn EC grade alu-
minum conductor wire. Creep stfain as a funétion of time and stress
weré detééﬁined by using a constant load test machine. Efforts were made
to hold oéﬁer variables such és'preloadiﬁg peribd and speed of loading
constant.f

The é%perimental data were fitted to a power function and compared
to similaf;work. Theories of the effects of cold ‘work on creep proper-
ties are ébntradictory. The experimental data of this study seem to

suggest that cold work has an improving effect on short time creep

.pfOperties.
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of solids under constant load or stress, Historically, the study of
creep can be traced back to the early nineteenth century. Unlike many
other branches of applied physies, there was no satisfactory general
theory developed early, indeed, this still remains the most elusive
problemqoﬁfaill.

Creep Tést |

The untaxial stress test has.been the most used iﬁ creep testing.
Although in actuval cases there will rarely be situations where the
stress applied to a part is_coﬁstant in time and uniaxial,.it is never-
theless true tﬁat design data can be taken most conveniently from tests
made under uniaxial stresses. ’

Typical uniaxial tensile creep test curves show four stages;gﬁ}ggeep
behavior as shown in Figure 1. The first stage, from O to A, caiiéﬁggi,
consists of initial strain which may be either entirely elastic or I
partially elastic and partially plastic. ﬁuring the second stage of s;
called primary stage, A to B, the rate of creep gradually decreases
because the effects of’strain hardening is greater than that of annealing.

These two effects are in equilibrium during the third stage, B to C,
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Fig. 1. Typical Uniaxial Tensile Creep Curve
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giving essentially a straight line of constdift-minimun creep rate. The
creep rate rises during the fourth stage, to fracture at D, partially

because the reduced cross-sectional area causesg an. increase in stress,

importance.

Temperature Effect

ok dd ? {
reviewgwillThe Zohterhed with=this:intermediate

tempetatire rabges ediate temperaturs range only.

Creep Measurement -

It

Creepsﬁata afé usually scattered, This phenomenon is attributed

to the sen%itiveneés of variations in specimen preparation and history
{,!

as well as;éxperimental techniques, Experimentally, measuring initial

strain, so,ghas been a difficult problem. This "instantaneous" defor-

mation depgﬁds on.épeed of loading the specimen [2]., If rapid loading

is attempted inertia effects in the loading member and even in the

-
materfal make the readings of uncertain significance. If loading is
accomplishéd smoothly over a pefiod of time, then the initial deflectien

actually”qgntains some creep and the slope of the subsequent curve is
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affected. Axiality has been another problem. Bending stress due to
nonaxiality of loading the specimen can also cause error.

Analysis of Creep-Curves

Numerous mathgmatical formulégqhavehbee rpropesed to represent the

creep curves. Yet, it is interesting

time-laws were recognized and used m

still uncertain about their physical

logarithmic function of time.
e=a+b log t

vhere e = engineering strain
t = time

a,b = material constants

Andrade [4] established his famous ﬁné-ﬁhird
P

173 ge
1+es= (1+e°)(1+atf)e]?t:
where € = initial engineering strain ¢ é ]

This equation represent a special case oﬁ,whét is calle

Other authors [5,6] have proposed ”_e¥$ra}ized po$
E=c + atm '
0 - :
where m = material constant - i
.
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This type of equation is universally recognized as a goed represen-
tation for the transient creep curves of metals [e.g.28,29,30]. Russian
workers e.g. Oding [27] had been able to justify this form of equation
based on dislocation theory.

Crussard [7] analyzed the shape of transient creep curves of vari-
ous materials and pointed out, except in a few céses, that most materials
can be well represented by Equaﬂ;?heﬁe 0<m<1l,m=90, or m < 0 these
being called parabelice, logarithﬁic ;r hyperbolic, respectively, In his
conclusior, for commercial aluminum without any amount of cold work, m
varied from 0.19 to 0.37 in the temperature range of 160“0 to 298°C
increasing slightly with stress under moderate loads and no dependencé'
on stresses under strong loads. The coefficient "a" of Eq. 3 varied as
the 10th power of stress for room temperature aluminum under high loads.
In general, the exponent m seems to be able to characterize the rate at
which creep rate slows down. It should have a physical meaning relating
to the ability of the material to strain-harden, i.e.,, the smaller m,
the more the material is of a strain-hardening type and the more creep
will be resisted. Garofalo's Survey [31] indicated that,ffer .a variety
ofmmaterials, including aluminum, m might vary fr6m 0,03 to né%r% i;b
and seemed to depend béth on témperatufe and stress%in:;hqﬁteﬁpéfagqge
range from 0,2 Tm to 0,7 Tm of the materials where f; is the aBsoiuté
temperature of the melting pdint. :

Sturm and co-workers [8] tested several commeféiél aluminum alloys,
annealed and cold wﬁrked, as well as electrical condﬁctor wires and
used an equation In ¢ = In ¢; + k In t to express the creep curves, k

1
was found to be about 0.20 for high purity annealed aluminum alloys and

W




froﬁ 0.26 to 0.30 for cold worked alloys. For electrical conductot
wires k ranged from 0,25 to 0.26 with ultimate tensile strength in the
range from 26 ksi to 27 ksi, This is about the same strength as the
material used in this investigation, Once again, k was found to be
independent of stress, A closer look at the values of k and m re;ealed_
that m should be slightly higher than knfor given creep data when ¢ > €15
where €1 is the engineering strain corresponding to t = 1.

Effects of Specimen Diameter and Gage Length

Usual creep specimens have a gage length lying between two to five
inches with the largest cross-sectional dimension being of the order of
0.5 inch. Relatively little has been published on the effect of specimen
diameter on creep properties and in some cases the results are contradic—

tory [9,10,11]. Howevef, Kramer [12]_ﬂgméﬂstfatgdwtﬁatﬁiﬁf: O~ Eatns

perature creep'tests aluminum sPéCimeﬂaLwiéh:Emﬁ

SR

was increased [2,26].

Effect of Prestrain or Cold WOrk

The majority of published work [13] oniﬁre

21

and alloys has been to illustrate the influence fof qgg'
substructure formation on creep

opposing effects of prestrain:

[ . a T S g daie o m o




formation giving rise to an increase in creep strength, the cavity
formation at grain boundaries giving rise to decrease in creep strength.
Workers [14,15,16] using density measurement techniqué found that,
under low or intermediate stresses, nucleation of grain.boundary cracks
in primary creep are negligible at room temperature. Others [17,18,31]
have alse shown that the effect of cold working prior to room temperature
creep testing will improve creep properties such as minimum creep rate

and cEeepriife aselong_asgnpqrecrystgglizata@q;occurs»
Coa v a‘ﬂ :
% a3

drawn material waé approximately three times th'ar;‘i.,;H

terial. As the test temperature. increased, this:_fffe“

Y

due to progfessive recrystallization of the_drawﬁ hat

However, othéfs [20] have shown that cold wéf;?caﬁ
boundary cracks ip certain alloys and reduce subéegyeni
The room temperature creep data obtained by Sturﬁééét

S
strated that cold worked material have a greater %?ee

annealed ones, Tapsell [22] also concluded that ﬁard d

copper specimens failed earlier than annealed'onéa?

stresses. So the effect of prior plastic-prestrﬁfi"onf~
:i:

stralght-forward as has been supposed in many papers.

T I

suggested that the microstructural effects of thﬂqﬂpr

R:
i
EE: i

considered is of prime importance since the 1ocati on of

e

the controliing factor. The initial microstructd‘i'of
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gecond phase particles distributed randomly or the abse
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particles (high purify.mg;al or, singlemﬁhase'al;gy)hmigh;wiqgrgasegcreep

life due to the lack of grain.bo ndary:damage.j_Ifiihé?St&hcture is

&

such that most of the %ecbnf

P
the reverse could be true.

. 'S;miiarly, the prestraiﬁ condition, i.e.

E ] i £ . 4 KN

- ) . : [ T

5 : sl : 2 I,

3 low or high imposed strain rate,’ low or high temperature or stress, :

S A DA X

o could affect the location of sthe prior damage. ! s )
Pu:g&%es of: This Investigation ! ; %?

o

This investigation,6s'anfexperimental study of. the primary stage

! ! “ =,
ﬂ; creep characteristics o: hard drawn high purity aluminum wires which are

1

used in overhead power transmlsalon lines. A creep%machi@e-was designed

and constructed for us@ in this investigation. Hea?ily céld worked

oL ! N

wire specimens were tested on'the creep machine amdésubjeéted to different

;'(.

weights hanging on them Data taken were strain as;a function of time.
il

These data were: analyzediand fitted 1nto the power function Eq. 3




_.CHAPTER II

EXPERIMENTAL APPARATUS, MATERIAL, AND PROCEDURE

General Description of the Test Machine

A nine foot tall tensile test machine was designed and constructed
as shown in the photograph of Fig. 2 and in the diagram of Fig. 3. Test
wire was, hung through a long tube and subjected te a constant load. The
amount of elongation of the wire as a function of time was recorded.

The machine consists of a 2-in ID x 3-in OD x 80~in long a2luminum
tube mounted on the plate of a 24-in x 24-in x 28-in all welded steel
frame which rests on its four legd. The upper end of the machine is a
Jacobighfitk screw fastened to a hollow stud whiﬁh in turn is fixed from
its side by a2 smaller screw through the tube wall. The: test wire is
gripped by the chuck and passes through the middle of the stud.

The loweg grip 13_shqwn'in Fig. 4. By turning the screw inward,
one othhe two clamps is caused to gdvance and thus grip the wire by the
grooved surfaces of the two clamps. A circular plate is empioyed td seal
the bottom so that the cléﬁps db.npt'have any vertical motion relative
to the wire., The grip canlbé slid into the tube from the lower end and

secured by sliding a pin which limitéaiﬁg;tﬁ&wél"gii'4

pihceg?n

Extending downward from the grip are twoithreaded.fods.jFThese.rods

are used to carry the mainload assembly. Alsc, a micrometer is installed

~am extended from the left rod. -~ “leweo-ooo

A

o e g P




Flg. 2,

Photograph of the Creep Test Machine
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on a beam extended from the left rod. The micrometer works either as a

'talibrgtorvwhenfthe_gpiﬁ“is:§t§t;gn§ry or asfﬁ indic tor:.of-the displace-

t
TEL
a
\i
-4
4 4

EH!2?A servo—recorder was emﬁloyed in oné_r to esta-
b] E ard ‘of the creep | ‘test. Thé output of éhe Daytronic
: &G+
theQrecorder. The chart 0f the recorﬁér can
o% fé?:f speeds from 0. 5-1nfhr. to 120-1n/mi§ ? This
}oﬁﬂxhe creep test to be iqvestigated %c}e-closely
fgpe;test. : % ;
of lead was used as deadIWeights in § %is inves-
: t g
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Material

The specimens weére provided in the form of coils of wire by the
Southwtre'Co., Carrolton, GA. These 0,133«inch diameter aluminum wires
were hard-drawn electric conductor grade aluminum wires with_a purity
up to 99.45%. The wires were cold drawn from a 0.318-inch 15 diameter
rod énd thus had been cold worked 81%, The ﬁhysical dimensions and
properties of the wires were all the same except that they came from
different drawing drums during their manufacturing processes and were
dgsignated ag No, 7, 8, 13, 16 and 18, Tensile properties were obtained
‘with a standard Instron Tensile Tester. The resulting ultimate tensile
strength was about 28,400 psi with a yield strength of 24,400 psi, The
elongation was only 2% as shown in Figure 5. Creep specimens were cut

from thege wires to a length 90=inchs of each and used in its natural

form, i.e. no straightening was done before being tested.

Experimental Procedure

The wire was put through the tube and gripped in the upper chuck.
The lower grip was then slid into the tube from the lower end and tem~
porarily secured by the pin. Clamps were Inserted into the slot of the
lower prip with the circular plate screw~tightened to seal the bottom of
the grip. A preload was then put on by passing the wite through the cen-
ter hdle'bf the preload weight and bending into a hook. At this stage,
with the lower grip resting on the pin in the pinhole of the tube wall
and its clamps in the open position, calibration of the transducer-ampli-
fier-recorder system was done. The micrometer attached ﬁo the lower grip

was used to mechanically simulate a displacement from which the transducer-—

R L T R S S
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amplifier—recorde;'system was calibrated, This calibration test showed
that the displacement ﬁeasuring system had a sensitivity of 0.00001 inch.
Recalibration of the system was performed each time a new test was per-
formed to assure proper function of the system.

After calibration, the main-load carrying pan was assembled with the
.screw jack handwheeled to its upper position to support the load of the
pan, Then, the main loads were put on the pan. Of special importance
was to make sure that the lower grip was free of the load of the main
load carrying system, othefwise partial load would be added to the wire
before the test started., The grip was tightened to the wire at its
uppermost pogition by turning the screw inward., The amplifier and re-
corder were quickly set to a desired reading. Then the handwheel screw

jack was lowered slowly and gradually thermain lead was hung on the wire

 and the test started. Each test was conducted over a time period of

100 hours, Constant checks of the recording syétemgwere made to inspect
any malfunctioning ef the system.

Allltest'were conducted at a room temperature of about 70°F. The
prestraining period was about ten minutes for each test.

Three sgts OfJCOnstant-load creep tests were conducted on each of
the five different numbered specimens, The first set of:tesfs, designated
Test A, used a mainload of 72.5 1lbs. The wéights of the lower grip amd
the mainload carrying assembly, together weighing seven and a half poundé;
were also .carried by the specimen-dufing testing. Adding up these weights
along with the preload and the mainload, Test A was run at a total of 114
lbs, equivalent to a stress level of 8,200 pgi, about one-third the yield .

strength of this particular wire. Test B, similarly, with a total of 173

o s o v, sttt

il A
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pounds, was run at a stress level of 12,300 psi, which is about one-half
of its yield strength. Test C, with 210 pounds total, was conducted at

15,100 psi, about two-third of its yield strength.
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CHAPTER III
RESULTS

Creep Test Data

The results of Fest A are given in Table 1 and the graph of Figure
6. Average values and standard deviationg of the strain data are calcu-
lated and also listed in the table. The strains, in Figdre 7, tend_ito
level off only after a short period of time because of the relativei&
low creep stress., Three of the five data sets fall close together é}ile
the other two spread widely above and below,

Table 2 and Figure 7 are the results of Test B. The same phenéﬁenan

Fl

of data scatter is observed in this test except the scatter is someéhat
wider than that of Test A.
Similarly, Table 3 and Figure 8 are results of Test C. The stﬁain

data seems symmetric about their avezage values and stress effects are

more pronounced.

N
* Standard Deviation s e ~€)
n=1 :- )

2

~2 |

\-u’

where N

number of observations
=5 in our case

E= Average strain Value

gy g
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Gage length = 80.82 inch Weight

Table 1. Result:

19

Specimen dia, = 0,133 inch

Time. g;:zitnne Aver- -  Std.
LEn) 7 8 13 18 age '  Dev
1 8.72 8.2l  8.72 8.78 9.08  1.09

2 8.83  8.28  8.80 8.88 9.17  1.08

3 8.93  8.33  8.86 ' 8.95 9.23  1.07

4 9.04 8.37 8.91 9.02 9.30 1.07

5 9.09  8.41  8.95 9.09 9.35  1.07

6 9.11  8.45 ' 9.14 9.38  1.06

7 9.14  8.48 9.16 9.41  1.07

8 9.19  8.51  9.04 9.24 9.45  1.06

9 9.22  8.55  9.07 9.27 9.48  1.05
10 9.24  8.56  9.09 9.29 9.50  1.05
12 9.28 8.61 9.13 9.32 9.53  1.04
14 9.33 8.65 g3.16 9.38 9.58 1.04
16 9.35 8,71  9.18  IIl.40 9.42 9.61 1.0
18 9.38 8.72 9.21 iiﬁ.43 9.47 9.64 1.04
20 9.43  8.74  9.26  [11.45 9.49 9.67  1.04
24 9:44 8,65  9.30 11,49 9,54 9.68  1.07
28 9.50  8.84  9.33  ‘I1.53 9.57 9.75  1.03
34 9.56  8.90 9.3 11,60 9.65 9.82  1.04
40 9.63  8.91 9,65  'ii.64 9.72 9.87  1.04
50 9.69  9.00 9.50. 11,71 9,82 9.94 1.04
60 9.75  9.06  9.56 j%i.77 9.89  10.00  1.03
75 9.82  9.13  9.60 11.93  10.00  10.09  1.08
90 9.90  9.18  9.69' '12.03  10.03 10,17  1.09
120 10.00 9.29 9,77 13,13 10.15 10.27 1.09
150 10.07  9.40  9.84 42,18  10.23  10.3%  1.07
180  10.08  9.48 9.9 %3‘21 10.24 10,39 1.06

.
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Table 1. Results qf-;_*,.'l_.'_‘e_ﬂs;'_ A (Cént'"'_d);;_r

Gage length = 80,82 inch

Time
(min)

7

8

Weight

Strain x-lof -
Specimen:No. ™

13

e -
1y

16

4 A
oo Aver~

18 age

20

Std,
Dev3

240
300
360
420
480
600
750
900
1200
1500
1800
2100
2400
3000
36000
4200
4800
5400
6000

10.17
10.18
10.18
10.29
10.29
10.42
10.42
10.73
10.75
10.79
10.98
11.07
11.15
11.35
11.37
11.37
11.37
11.41
11.44

9.48
9.60
9.70
9,70
9.70
9.94
- 10.08
10.15
10.22
10,28
10.28
10.33
10,36
10.42
10.45
10.48
10.51
10.53
10,55

* recorder failure

10.06

10.07
10.11
10.18
10.25
10.29
10.38
10.43
10.58
10.70
10,78
10,83
10.86
11.00
11.12

11,12

11.28
11.29
11.47

13,35

112:70

12.26
1342 ']
12.51
1261

12,77
12,96
13.14
13,21

13.26
13530
13,50
13057
13i61
1£ﬁ6
13470
13.73

720.35  10.46
¥ 4@.43 10,52
" d0.50  10.58
12.48 1%

10.55 10.64

f; 10.60 10.67
10,62 10.77
51072 10.86
> 10.80  10.98
7 10.95 11.09
éf 1i-00 11.18
: ;i.O? 11.26
1.7 11.33
f11.25 11.38

11.40 11.53
11.41 11.58

11.48 11.61
11.53 11,67
11,56 11.70

& 11.80

1.06
1,06
1.07
1.07
1.08
1.05
1.05
1.04
1.08
1.13
1.13
1.13
1,13
1.15
1.17
1,16
1.18
1.19
1.%
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Table 2. Results of Test B

22

Specimen dia.-= 0,133 inch

Time P Aver- Std.

(min) 7 8 lil; 3 e 18 age Dev,
1 15.08  16.32 1[0 . 15.95  14.64 1472 1.87

2 15.27 16,57  1L.76 - 15.99  14.75 14.87 1.8

3 15.40 16,77 11,89 | 16.02  14.85  14.93  1.87

4 15,48 16.88 lz{op;'.i-g?.os 14.93 15.07 1.86

5 15.57 16,98 12.09. © '16.07 15.02 . 15.15 1.85

6  15.63  17.06  12.16' . 16.09  15.10  15.21  1.85

7 1575 17.12 1224 1612 15.16  15.28  1.84

g8 15.76  17.17 1231 ' 16.18  15.21  15.33  1.83

9 15.82 17.26 12.37; 16.21 15.26 15.37 1.8
10 15,85 17.30 12,400 16.25 15.29 15.42 1.84
12 15.94  17.38  12.51 16,30 15.3%  15.49  1.83
14 15,99  17.46 12,62,  16.36  15.42  15.57 1.81
16 16.07  17.52  12.66 2639 15.48  15.62  1.82
18 16.12 17.54 12,72 1?.44 15.52 15.67 1.80
20 16.17 17.62 12,74 16.47 15.57 15.71 1.82
25 16,25  17.70 12,84 1%.52 15.61  15.78  1.81

28 16.33  17.78 12,97  16.58  15.70  15.87 1.79
34 16.43  17.89  13.05  16.69  15.79  15.97  1.80
40 16.48 17.98 13.13 16.74 15.89 16.04 1.80

50  16.58  18.05  13.23  16.82  15.96  16.13 1.9
60 16.65 18.15 13.35 16.95 16.05  16.23  1.78
75 16,74  18.28  13.46  17.06  16.21  16.35  1.79
90  16.85  18.38  13.57.  17.16  16.30  16.45  1.78
120 16.98  18.49 13,73 17.25  16.43  16.58  1.76
150 17,07  18.63  13.88  17.35  16.58 16,70  1.7%

(Continued)

T



FPLT L

.
23 §
|
Table 2, n_RﬁSult's of Test ¥ (Cont'd)
Gage length = 80.82 inch W?%ght = 173 1lbs Specimen dia. = 0.133 inch
Wy -

Tze foretn < 10 aver-  sed.
7 8 1 ¥13 16 18 g ev- ’
180  13.25.  18.77 ' 17.44  16.68  16.83  1.76 :
260 17.33  18.89  14.1 GA7.631  16.89 16.98 1.75 !
300 17.45  19.02  }i14.23 %%7.90' '17.05  17.10  1.78 I
360  17.52 19.16  d431 @702 17.19 17.26 1.78 i
420 17.62  19.25  14.39 18,00  17.19  17.29  1.79 it
480 17.62  19.35 14,48  18.07  17.32  17.37  1.79 I
600  17.69  19.53  .l4.64 18,19  17.47  17.50  1.79 g
750  17.85 19.69 ;i4.81 18.31 17.63 17.65 1.78 Ei
900  18.00 19.82 15,03  18.45 17.71 17.80 1.75 [
1200 18.18  20.04 ?@5.13 18.56  17.94  17.98  1.76 %é
1500  18.47  20.25' 715.26 18,71 18,26  18.17 1.8l I
1800  18.56  20.37  ‘15.35 19,13 18,19  18.32  1.85 I
2600  18.65 20,58  I5.64  19.15  18.47  18.50 1.80 b
3000  18.68 20,74  i15.80  19.33  18.77 18,66 1.8 [
3600  18.88  20.86  I5.94 19,45  18.93  18.81 1,79 4
4200  19.13 20.97 “16.07  19.45 19.03 18.93 1.78 |
4800 19.15  21.13  16.12 19,56  19.15  19.02  1.82 i
5400  19.29 21,23 16.23 19,70  19.25  19.14  1.82 i
6000  19.40  21.30  16.39  19.77  19.36  19.24  1.78 i}
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Table 3. Results of

Gage length = 80.82 inch Weight = 210 lbs g ?---Specimen dia. = 0.133 ianch

R 3

Strain x 10 . .

T(:ITE ) , . Sp Ecg: imen No. 13 16 AZ:Z , g::: : »

1 24,38 23.15 19.58 22??0% 20.32 22,03 2.01 :

2 24.60  23.46  19.80  2287)  20.54  22.25  1.98 :

3 24,76 23.67  19.94 22,99  20.69 22,41  2.03 i

4 24.88 23,82 20.06 23,100 20.83 22,54 2.03 i

S 24,98  23.97 20,17 23,21 20.94  22.65  2.04 g

6  25.03  24.07  20.25  23.27.  21.03  22.73  2.03 i
7 25.09 24.15 20.29 23.39!  21.10 22,80 2.04
8  25.13  24.25  20.38/ 23,45  21.18. 22,88 2,03
o 2517 2431 20,42 2351  21.23 22,93  2.03
10 25.23  24.38  20.48 23,52  21.31  22.98  2.02
12 25.34 24,47 20.59 23.65:  21.43 23.10 2,02
% 25.39 24,60 20,72 23,74  21.54  23.20  2.00
16 25.46  24.66 20,76  23.79]  21.60 23,25  2.00
18 25.53 24,75  20.81  23.87  21.68  23.33 2.0
20 25.61  24.76  20.98  23.92  21.76  23.41  1.97
26 25.67  24.89 21.07  24.05/  21.89  23.51  1.96
28 25.80  24.99 21,08  24.13  21.96  23.59  2.01
3% 25.90  25.13  21.28  24.200  22.10  23.72  1.97
4 26,06 25.24  21.48 2433 22,21 23.86 1.9
50 26.22  25.40  21.65  24.50! 22,37  24.03  1.96
60  26.27  25.72  21.65  24.62 22,51  24.15 2.0l
75 26.42. 25.75 21,90 24&@3?' 22.69 zgaso 1.95
90 26.64 25.85 22,11 25.87  22.80 3 1.9%
120 26.76  26.08 22,23  25.07  23.03 1.95
150  27.02  26.23 22,33 25.10  23.17 1.99

(conlt inued)




26

Gage length = 80.82 inch : ght = 210 1bs Specimen dia. = 0.133 inch

':Sffain x 10-4
Time Speicimen. No. Aver- Std.
{min) 7 8 3 16, 18 age Dev.
180 27.11 26.35 © 22.42 25.j3 23,29 24 .86 1.99
240 27.37 26.38 = 22,77 ES.@G 23.51 25.10 1.96
300 27.54 26,74  22.89 25.38 23,63 25,24 1.98
360 27,54 26.89 22.89 25.46 23.74 25.30 1.99
420 27.77 27.01 23,08 25.58 23.82 25.45 2.01
480 27.80 27.13 23.12 25.71 23.92 25.54 2.01
600 28.01 27.30 23.26 25,86 24,09 25,70 2.03
750 28,27 27.52 23.65 26.02 24.23 25.92 2.03
%00 28.27 27.72 23.71 26.14 24.37 26.04 2.00
1200 28.82 28.32 23.89% 26.§0 24.60 26.40 2,18
1500 28.82 - 28.45 24,13 26.51 24,75 26.55 2.11
1800 - 29.32 28.58 24,35 26.75 24,90 26.78 2,19
2100 29.39 2866 24,52 26.89 25,01 26.89 2.15
2400 29.45 28.73  24.65 27.00 25.13 26.99 2,12
3000 29.72  29.03  24.87 27.21 25.38 27,24 2;15
3600 - 29.72 29.30 25.06 27.33 25.58 27.40 2.11
4200 30.31 29.42 25.20 27.49 23.76 27.64 2,23
4800 30.31 29.53 25.37 27.58 25.90 27.74 2.17
5400 30.44 29.67 25,37 27.83 26,10 27.88 2.19
6000 30.46 29.96 25.45 27.93 26,19 27.99 2.2

30
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Data Analysis

As discussed in Chapter 1, most strain versus time data of tran-

sient creep can be expressed by a power function of the form
E=€0+atm Eq. 3

Hete €, is an instantaneous deformaéion which 1is qﬁite difficult to
observe experimentally since the exact zero starting time is hard to
detgrmine.f Thus, the identification of ¢ , "a" and m are made by
employiﬁg the basic mathematical relations characteristic of this type
of equation. Procedure for calcﬁlating power creep equation constants
involve both graphical and analytical analysis. A so-called non-linear
regression method based on an iterative approach [25] was used in this
investigation. The calculations invelved using a computer program which
iz shown in the Appendix. The equation was fitted to the méan value of
the data points for each of the three tests A, B and C. Results are
listed in Table 4 and represented graphically in Figures 6, 7 and 8 for
Tests%A, B and C, respectively.

Tﬁ; values of "a" as a function of stress are presented in Figure 9.
_9, A:%inite difference method [7] was employed to determine the value
pf m,gtﬁéneb¥1ag§i§fgg an ggggéfiﬁégtal error in Eys in order to check

i : S
; h Ao bomlon T h
and assess the'mjva;ues previpuqu,pbtained by the non-linear regression

method., - Briefly; this-iéthod'céﬁsiéts in taking time steps in geometri-

cal progression
t.=ct £.=clt t =¢c" Tt t . .=c't
1’ 2" 3¢ F1r e ETC 0 B BpgTC By

t

YT e Ty |

Pt i ari.: g

S— =T
Py irboerd vt

EIRPE T =
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where ¢ is an arbitrary positive constant.

The corresponding strains,

€15 Egr €qa »ee €3 E 1y enes
are determined and the differences

ﬁel=52—51, : asz-es*ez, . 0 a ﬁen=€n+1-en R

are caleulated. Then on a log-log scale all the &sn versus the corres-
ponding t_ are plotted and, if e(t) is a power function of time, the

points shouldilieoon a straight lige of sl

u:

ts ic 1ysis are shown in
TablesS5,66aarid77aaridppiot eddiinFE dnd 12 for Tests A, B

and C, respectively, ' A;;egres%id to compute the

p of a programmed

Wang's calculator. The'vélueé;bf5fhé% n and.slope.of - the

i - H 4 4
gpeidht%"had been

i o g ) z
tégression line were immediateély obtat

fed into the calcuiator.

EC]
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Table 4. Ré:éq:}fg?é of Ddta Analysis
Test onlo-z' I a><10-£| m m*
A 7.29 1.72 0.111 0.126
B 12.09 2.54 0.119 0.140
c 18.15 3.79 | 0.109 0.1?9

*m.":obtained in the Finite Difference Analysis.

[ : ;
6} o Aj.fe?':a'gé;__;:\’a}ﬁ:e
5 F
of
<+ 3f
's
~
x 2 "
e
< 1T
0 5 10 T
> 3.k

St_r-es;-s g x 10

Fig. 9.7 Variation of "a" with Stress
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Table 5. Data Used in the Finite Difference Analysis of Test A é
Strain x 10 ' t,=1, C=2 ;
Time Specimen No, Aver— g
win) 8 13 16 18 age - he :
1 872 8.2l 872 10.98 878  9.08  0.09 g
2 8.83 8.28 8.80  11.04 8.88. 9.17 0.13 ;
4  8.06 8,37  8.91 11.15 gﬁygg 9.30 - 0.15 ;
8 9,19 8.51 9.04 11.27 ég?éq 9.45 0.16 F
16 9,35 8.71 9,18 11.40 95@33‘ 9.61 0.19
32 9.54 8,88 9.37 11.58 9g§g§c 9.80 0.24
64 9.77 9.08 9.59 11.81 ggﬁggg 10.04 0.26
128  10.02 9.36 9.79  12.15  19.137. 10.30 0.18 _
256  10.17 9.51  10.07  12.29 133?3}; 10.48 0.23 ﬂ
512 10.35 9.78  10.26 .12.54 OV61" 10,71 0.31
1024 10.74  10.18 10.49 12.84 11.02 0.30
2048 11.06 10. 32 10.84 . 18,25 1§??§g? 11.32 0,28
4096 11.37 10. 44 11,12 13.69 Ir4g,  11.60
m = 0,126
i
. o -
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Fig, 10. Determination of m by the Finite Difference Method of Test A
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Table 6, Data Used in the Finite Difference Analysis of Test B

Strain x 1072 ' ty=1, c=2
Time Specimen No, Aver-
(min) 7 8 13- 16 18 age Ae

1 15.08 16.32 11.60 15.95 14,64 14.72 0.15
2 15.27 16.57 11.76 15,99 14,75 14,87 0.20
4 15.48 16.88 12.00 16.05 14.93 15.07 0.26
8 15.76 17.17 12,31 16.18 15.21 15,33 0.29
16 16.07 17.52 12.66 16.39 15.48 15.62 0,32
32 16.40 17.85 13.02 16.66 15.76 15,94 0.2
64 16.67 18.18 13.38 16.98 16.09 16.26 0.3
128 17.00 18.53 13.77 17.28 16.47 1l6.61 0.41
256 17.37 18.93 14,13 17.71 16.94 i7.02 . 0.40
512 17.64 19.40 14,52 13,10 17.36 17.42 0.52
1024 18.07 19.90 15.08 18,61 18.02 17.94 0,47
2048 18.60 20.47 15.50 19.14 18.33 18.41 0.48

4096 19.05 20.94 16.03 19.45 19.00 18,89

m = 0.140
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Fig, 11, Determination of m by tfie Finite Difference Method of Test B =
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Table 7. Data Used in the Finite Difference Analysis of Test C
Strain x 10”2 t; =1, C=2
Time Specimen No, Aver-
(min) 7 8 13 16 18 age
1 24,38 23,15 19.58 22,70  20.32 22.03 0.2
2 24,60 23.46 19.80 22,87  20.54 22.25 0.2
4 24,88 23,82 20.06 23,10  20.83 22,54 0.%
8 25.13 24,25 20.38  23.45 21,18 22.88 0.37
16 25,46 24,66 20.76 23,79  21.60 23,25 0.43
32 25.87 25.09 21,22 24,18 22,06 23,68 0.52
64 26.31 25.73 . 21.75  24.65  22.55 24,20 0.48
! 128 26.84 26.13 22.26  25.08 23,07 24,68 0.4
) 256 27.42 - 26.62 22,81 25,30 23,55 25.14 0.52
P 512 27.96  27.25  23.22  25.81°  24.04 25.66 0.5
©f 1024 28,44 28.03 23,78 26.23  24.45 26.17 0.70
L 2048 29,37 28,65 24,49 26,87 24,99 26,87 0.72
%ﬁ@ 4096 30.21 29,40 25.17  27.46  25.73 27.59
Eg 2
b B
i _
Ul m = 0.129
:
-

Lro kg r e

3
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CHAPTER IV
DISCUSSION

The data shown in Tables 1-3 are creep strains due to the weights
of the main lead and accessories. The straining effect of the preload -
is not included. Theilr effects should be discussed in two aspects. First,
the preload certainly'produces an amount of elastic strain which is
expected to be approximately 0.024% according to its modulus of elasticity
and should be added to the initial straim, € . However, it will not

affect the values of "a"

and m which we are most interested in. Second,
the preload could induce creep strain. Since the stress on the wire was
2,400 psiigﬁdﬁpﬁéioad time is short (only about ten minutes compared to

100 hours of total testing time) the creep strain is expected to be

neglikible a@cofding to McVetty [23] and Sturm,getaal ﬁwho_found théff'

under a limiting stress, about 15% of the ultimate : i¥ o

either aluminum or copper, the creep rate was éxtremely
Skt

tiicullar:

A

. 3
the preloading period. There #s no way to evaluate
these stresses.. )

Let us comnsider the results in Chapter IﬁI. 1]

Y

constant "a" in the power function varies merely from 1.72xiQ
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3.79 x 10—4 in the stress range invéstigated. The variation of 'a

as a function of stress apparently does not agree well with what Crussard

AT TRy

PN T T e e T T
R T R e TR A T ot e i L tmita e

observed, probably because the stress range studied here is not wide
enough to make comparison relevant. However, the average value of "a"

does tend to "take off" at higher stresses as shown in Figure 7. The

values of m wereddetermlnedbbytbhetﬁwoddlfferent methods as,previously

gﬁ?ly m is not a function of stress Thisi&

rvations by previous-workers. However,
ie values they have shown. The differenaai
:ors as speed of loading, residual bending;

istrééées and siz-j c, Unfortunately, neither of their

?tesﬁiﬁg details ar, r is there any way to evaluate the quan- .

-titaﬁ&ve differeﬁées due to: e factors in the present case. An esti-

mate of the 1nitia1 elastic hins of this material yields values of
0. 0?0848 0. 0012§é and 0, 001556 for stresses of 8.2 ksi, 12.5 ksi and
15.1 Lsi resPectﬁ;ely. Compared to the results of this investigation, :,
the‘ﬁnitial strain € obtained_in the test is higher than these elastic?
straﬂn ‘of a convé%tional tension test by an average of about 15% Sincé
the ﬂéém temperaEPre tensile properties are not greatly 1nf1uenced by
éf in the rqte of straining in the ordinary tension test. [24], this
seems‘to guggestféhat the residual bending stresses may be the dominating

chan

e
i

factor preventing us from getting a more accurate initial strain reading i

andisubsequently;lowers the m value.

O P S VO S e ¥ |
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Diameter should not be an important factor in this case because the

diameter of

the wires used here are about the same as those in the

literature cited.

It seems fair to conclude that this particular wire does have Lf

good creep resistance, at least in the transient creep range invesfigated,

due to the ‘lowrvaliessof-n obtalned in:thiste
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CHAPTER V
CONCLUSTONS AND RECOMMENDATTONS

Based on the results of this investigation into the creep of alu-
minum conductor, the following conclusions can be made,

(1) The results suggested that this particular aluminum wire had a
very good creep resistance perhaps because of the cold worked effect
although there are some uncertainties involved in determininghthevégta.

(2) The material constant m or so called susceptibility of the
power function is not a function of stress,

(3) The other matetial constant'cd" does not vary with 20 as
observed by Crussard [7] and no relat%;nShip with stress is suggested in
this investigation.

In view of gaininglmore understanding of the creep behavior of
materials. The following are suggested.

(1) Wire_straightener, which will inevitably induce some uncertain
amount of cold work, could be used before testing the wire specimens.
The result should be interesting in comparing the effects of bending
stresses left in the unstraightened wires,

{2) Different degree cold-worked specimens can be used in order to
get a through understanding of the effect of cold work upon creep at least
~ for high purity aluminum.

(3) Mathematical representation of creep curves and experimental
variables such as;loading speed perhaps should be standardized in order

to make comparisons possible.

P Tekd bt i

Al S ek b bt
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APPENDIX -

The non~linear regression analysis applied to Eq. 3 in Chapter I

follows from a rearrangement of the equation in the form:
e=¢ + aF Eq. (A.1)

where F = t". If a value of m is selected at random; an improved value

of F is given by

F +(%E)dm F + Fldn,  Eq. (A.2)
m
where

F'=t"1nt

Hence Egq. (A.l) can be rewtitten

e=¢, +aF+ F'dm) Eq. (A.3)
or

€= e + aF .+ aF'dm | Eq. (A.4)
Let b = dm, G =-aF!

e = ¢  +aF + b6 Eq. (A.5)

Then the sum of the squares of the residuals becomes:

Z(R)2 = Z(e - - aF - bG)2 Eq. (A.6)

g 2 e

ot

P SR



42

Differentiating (A.6) with respect to €457 a and b for N experimental

peints:

N N N

Ye=Ne +a J F+b } G Eq. (A.7)
i=1 © i=1 1=1

N N N ) N . |

} eF=¢ J F+a ] (M °+b ] ¥ Eq. (A.8)
i=1 ® =1 i=1 i=1 O

N N N N,

J e6=¢_ ] G+a )} F6+b ) (&) Eq. (4.9)
i=1 ° i=1 1=1 i=1

Tentative values for both a and m are fiirst selected and used to eval-
uate the summation terms in equations (A,7), (A.8) and (A.9), These
three eguations can be solved simultaneously for €, b and an improved
values of a. Then an improved value of m is obtained by adding the value
of b to the previously employed value of m.. Using this improved m value

and the calculated value of a, the simultaneous solution of (A.7), (A.8)

and {A.9) is repeated. Convergence is obtained after several iterations.-

wh 17

ag indicated by the value of b being close to zero. Proper values@bf mji
is obtained along with €, and a.
The following is the computer program used in this investigation,

DIMENSION EP(60),T(60)3F (6€),6{60),B(3,4) {ER(3),3C(3),X(3)

INTEGER N :
READGHR N - Gy
FORMAT () Sl

DO 100 j=1.15
READ(5,1) A,M
WRITE(6,1) A,M

READ (5,1)N

DO 20 I = 1,N

READ (5,1) T(I),EP(I)
WRITE(6,1) T(T),EP(I1)

-
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5
5

G

0

RN O -.. S

CONTINUE

DO 30 I = 1,N

F(I) = T(I) ** M :
G(I) = A*(T(I)**M)*ALOG(T (1))
CONTINUE

DO 4O I =
SEP = SFP + EP(I)

SF = SG + G(I)
SEPF = SEPF + (EP(I)*F(I))
SFZ = 8F2 + (F(I)**2)

SFG = SFG + (F(I)}*G(I))
SGZ = SG2 + (G(IL)**2)

.SEPE = SEPG + (EP(I)*G(I))

CONTINUE
B(1,1) = N
B(1,2) = SF
B(1,3) = SG
B(1,4) = SEP
B(2,1) = SF
B(2,2) = SF2
B(2,3) = SEGF
B(2,4) = SEPF
B(3,1) = S&G
B(3,2) = SFG
B(3,3) = SG2

B(3,4) = SEPG
CALL LSIMEQ(B,3,IR, JC,3,1.0E~07,X, IERRl)
WRITE(6,1) IERRl
DO 50 I = 1,3
WRITE(G;l) X(T)

= X(2)
H = M+X(3)
IF (ABS(X(S)) LT. 1.0E-06) GO TO 100
GO TO 21
WRITE(6,2) A,M
FORMAT K'A = ''F10.4'6X, 'M = 'F8.5)
STOP
END
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