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ABSTRACT

The combined bending-torsion fatigue reliability
research machines, conceived, designed, and built at The
University of Arizona are described. Three such machines
are presently in operation at The University of Arizona.
The calibration of these machines is presented in depth.’
Fatigue data generated with these machines for SAE 4340
steel grooved specimens subjected to reversed bending
and steady torque loading are given. The data'reduction
procedure is presented. Finally, some comments are mede
about notch sensitivity and stress coneentration as

applied to combined fatigue.
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' CHAPTER 1
INTRODUCTTON

The calibration effort and data reduction tech-
niques for the Combined Bending-Torsion Fatigue'Reliability
Reseafch Machines are presented here. Becauge oOf fhe com-
plexity of the problem of determining the true bendihg
stress and the true shear stress present in the groove of
the test specimen, eight distinct calibrations had to be
performed on each machine. A description of each calibra-
tion test, the test setup, the procedure, the data, and the
data reduction are given for each calibration test. Then
the need for each test ié presented'in Section 3.E where d
~calibration flow chart was developed to aid in the data
reduction procedure. Specific calibration parameters for
each machine were determined and thelr needs'demonstrated;

The calibration equations in bending were shown to be

o = Kon_miEraro
outTH GR-TH "BGR trugGR
) ! = 0 h + K T '
outTH outTH T/B outTH
N - Ncal Na G Rcal \
visy E R — 9 out

B gage TH



and the calibration equations in torque were shown to be

o
trueGR

GR Ty Q?f

Ttrue

] _ 1 1 Smmler
outmy  Kig Kp Jpy Cag  truegy
. ,

T =T + Ky /o0

out out iy B/T OUb iy

N =.Ncal Na G Rcal -

Visq 1E Rgage outTH

In addition, the static stress concentration factor for
the notched specimen was determined to be 1.28.

For data reduction, the calibration flow chart was
generalized and computerized. The déta reduction program
as well as all the data generated to date are presented.
Sample calculations for the data reduqtion technique are
given. Cycles-to-failure data reduction is not included
in this report, andAis the subject of another reporﬁ.

The results of the data reduction are briefiy pre-
sented in the form of S-N curves.

Tastly, the problem of hotch sensitivity is dis—r
- cussed and a proposal made. |
Prior to this research effort, the baéic meth-

odology for designing reliabllity into mechanical



components by consideration of the interference of their
stress-strength distributions was discussed by Kececioglu
and Cormier [1l]. 1Included in this paper was a discussion
of Monte Carlo technigues for determining stress‘and
strength distributions, given the distributions of the
factors affecting them.

Freudenthal [2] Wrote a paper in which structurall
unreliability was considered to be the probabilit&, or
risk, of failure. The safety factor was shown to be a.
distribution function which is the guotient of the
strength to the stress, where both strength and stress
are considered as statistical variables. Ffeudenthal,
Garrelts, and ShineZuka [3] prepared a comprehensive
report, along the same lines, which discussed in more -
detail the mathematical techniques required, the appro-
priate statistical distributions involved, and prob;ems
which remained to be solved. Several example problems in
structural reliability were worked out, and an extensive
bibliography was given. .These efforts concentrated.on
| simple fatigue and structural reliability.

The Battelle Memorial Institute and its Mechanical
Reliability Research Center presented studies [4,5] which
described some of the fundamental problems in mechanical
reliability and suggested methods for their solution.

Mittenbergs [4] discﬁssed the fundamental aspects

of reliability engineering as they pertain to mechanical



devices. He stated that the failure modes of mechanical
elements were basically:

1. Deformation

2. Fracture

3. Instability.

He also asserted that many factors combine to
determine the reliability of a mechanical part under such
failure modes. The interactioﬁ of strength'and load dis-
tributions was discussed. The Sixth Progress Report of
the Mechaniqal Reliability Reséarch Center [5] summarized
a two-year research effort. This extehsive research effort
contained a thorough discussion of mechanical reliabllity,
and attempted to quantify the relationships of wvarious
factors on such phenomena as creep and fatigue.' An
extensive bibliography WaS included,

The IIT Research Institute conducted a program in
"Methods for Prediction of Electro-Mechanical.System |
Reliability,” [6]. ' The program was concerned with three
major areas:

1. The study of prime mechanisms of failure in.
mechanical design. Specific items included
fatigue, surface fatigue, Weaf,rcreep, and
corrosion. |

é, The application of failure mechaniém and
design information for the reliability evalu-

ation of specific mechanical parts. Parts



included were gears, bearings, springs, and
shafts.

3. The determination of mechanical system reli-~
ability in terms of individual part reli-
ability figures.

A paper by M. J. Bratt, G. Reethof, and G. W.

Weber of the Large Jet Engine Department, General Electric
Company , entitled "A Model for Tiﬁe Varying and Interfering
Stress-Strength Probability Density  Distributions with
Cohsideratiops for Fallure Incidence and Property Degrada-
tion" [T}, provided a computer approach towards the solu-
tion of the time variant strength distribution case.

An extension of this study was made by iipson,
Sheth, and Disney [8], who conducted‘an extensive liter-
ature survey, gathered available fatigue data, and
developed an}analysis of therstress—strength interference
theory using the Weibull distribution extensively.

The above wérks provided some interesting and val-
uable contributions. to the probiem of‘designing specified
reliabilities into mechanical Components° However, a
numbeerf important aspects of this problem remained to be
investigated. The problem of time-variant stress and
strength distributions needed further treatment. The
effects of wvarious factors, which are themselves distribu-

tiohs, on the distributions of the faillure-governing |

stress and Strength had yet to be fully explored. The
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development of a formal engineering design methodology for

designing mechanical compbnents had yet to be developed.

Finally, much of the work in mechanical reliability theory

suffered from a lack of statistically adequate data, due

to a lack of test results on a large number of identical

mechanical components.

The purpose of the current investigation is to

£ill in the gaps in the above-mentioned areas, with the

following specific objectives:

1.

Develop a formal engineering methodology for
designing into mechanical components, sub-
jected to combined-stress fatigue which
involves time-dependent strength distribu-
tions, specified reliabilities.

Explore the methods.of functions of random
variables as applied to structural reli-
ability.

Explore-the methods available for determining
failure-governing stress and strength distri-
butions and develop new ones.

Explore the methods available for calculating
the reliability once the failure—governing
stress and strength distributioné are known
and develop new ones.

Develop and fabricate fatigue testing maéhines

for reliability research, so that the explored



and developed methodologies described above
-can be demonstrated.

6. Pursue a test program with a statistically
significant number of test Specimens to obtain
data from which these methodologies can be
demonstrated.

A literature survey was made in’order to locate
fatigue testing machines to- generate the desired, com-
bined bending-torsion fatigue data. "References on
Fatigue,ﬁ was surveyed from 1955 to 1963 [9]. The only
paper of interest was the "Symposium on Iarge Fatigue
Testing Machines and Their Results' [10]. No testing
machines capable of handling combined steady torque and
reversed bending moment were found in the paper.' Other
references [11,12] were reviewed; information concerhing
combined—stress-fatigﬁe machines was not found.

"The Proceedings of the Society for Experimental
Stress Analysis' [13] from 1945 to 1960 and "Experimental
Mechanics" [14] from 1961 to December 1965 were reviewed
in an atfempt to locate a combined steady torque and
reversed bending moment testing machine. Several fatigue
testing machines were found, but only one was of direct
interest to the NASA contract, a testing machine bulilt by
Mabie and Gjesdahl [15]. This machine used the four-

square principle for applying a steady torque while the



rotaﬁing beam principle was used to produce the bending
moment. | |

The four-equare principle is not a new principle
. for developing steady torque. Industrial corporations,
such‘aS'gear manufacturers, speed reducer-manufacturers,
and coupling manufacturers, all use thisvprineiple;to'
evaluate their products [16]. |

In the Mabie-GJesdahl Machine this_principle was
used to develop a maximum steady torque of 6,000 in-lbé
however, the‘machine was enly operated at a maximum of
eboﬁt 2,000 in-1b of torque [15, p. 86]. At this loading
ﬁhermachine produced a high piteh whine [17], a result of
the pitch llne veloclty of the spur gears belng 3,000 to
4,000 feet per minute [18].

The pre~set torque could not be maintained. The
steady torque,-four—square principle Wae coupied with a
reversed bending moment, as shown in Flgure 1. The
des1red bending moment was applied to the test piece so as
to simulate a simply-supported beam. Through the use of a
hydraulic cylinder and associated equipment the required
bending moment load_was developed [17]. A reduction in
bending moment occurred during testing as a result of |
hydraulic cylinder leakage. The bending moment was con-
| stant along the length of the test piece for a specific
value of the bending locad. The machine was de81gned for

5,000 in~1b and operated at a maximum of about 3 200 in-1b
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10
of bending moment. The reversed bending moment was gained
through the rotating of the test piece in the four-square
mechanisn.

The Mabie-Gjesdahl test machine opéraﬁéd at 1,200
rpm. The machine was driven by a 3 hp, 1;200 rpm induction
motor [19]. ‘Mabie [17] furnished fwb assembly draWings
[20,21] and édditional design information as to the prob-
lem areas in his test machine. Mabie indicated that the
disadvantages of this machine were that it was difficult
to hold the torque and bendiﬁg momént,'and noise and
vibration were present.. waevér, the machine did not
dissipate energy.to apply tbrque to the Speéimen and
operated on a proven principle.w.

The exacﬁ instrumentation on the Mabie—Gjesdahl
test machine is not known. However, the torque values‘
were measured and checked only in a static situation.

The bending moment values were checked and related fO'the
pressure gage on the hydraulic.equipment. The load was
applied statically and the pressure noted. Strain gages
were used for the static torque measurements and also

for the bending load. The bending load strain gages were
mounted on the<loading bar.

The test machine was calibrated dynamically with
sultably mounted strain gages and slip-ring and brush
assemblies. The éxact.equipment 1s not known. Correla-

tion of these dynamic tests was made to the stresses
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obtéined through calculations and an'8—12% error was noted
[15]. Correépondence with Mabie [22] indicated that the
commgrcially»purchasable components,exéeeded $5,000.00.

With these thoughts in mind, test machines sim-
ilar to the Mébie-Gjesdahl principle were conceived, e
designed and bulilt at The University of Arizona, starting
the fall of 1965. |
| Three combined bending—tors&on fatigue reli-
ability reéearch machines are presently in operation at
The University of Arizona. A research program is belng
conducted for the Natioﬁal Aeronautiés and Space
Administration under the direction of Dr. Dimitri
Kececioglu at The University of Arizona, Tucson, Arizdna,
and Mr. Vincent R. ILalli at the NASA Iewis Research
Center, Cleveland, Ohioc. The description of these test
procedures, test data and‘their reduction presented here
are part of this research effort. The objective of this
report is to obtain the calibration parameters presented
in Figure 2; The experimental tests which must be rﬁn to
determine these parameters are described. The data:»
reduction technique is also givenor The problem of stress
concentratiqn in the notch of the test‘specimensrand the"
associated notch sensiltivity are discuésed; and recommen-

dations for future work are made.
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CHAPTER 2

DESCRIPTION OF COMBINED BENDING-TORSION

FATIGUE RELIABILITY RESEARCH MACHINES

The combined bending—torsionrfatigue reliability
research machines are designed to simulate a shaft in sef—
vice. The objective of the immediate research program 1is
to examine the fatigue life of specimens made of SAE 4340
steel under combined loadings. The specimens afe éub—
jected to reversed bending and steady torque applled to a
" rotating specimen'with a stress concentration, which pro-
duce combined bendihg—torsion stréss, or combinedfstress,
fatigue.

A. General Description of
Fatigue Machines

Fach fatigue machinevconsists of a two-section,
rotating shaft with a test specimen locked in the center,
as shown in Figureé 3 ahd L. The horizontal shaft is
coupled at each end to allow for rélaﬁively free deflec—
tion-When_the specimen is loaded. A seven and one-half .
horsepower, 1,800 rpm motor poWers thé shaft. VThe bending
. load is applied to the specimen by means of two yokéé, o

one each on two bearings located symmetrically about the

13
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specimen on two commercial toolholders. Below the shaft,
the yokes are connected by a horizontal link, which con- |
centrates the load at avsingle vertical link in the center.
The vertical link is then connected to either a long or a
short loading lever arm,' These loading arms make possible
the application of a great range of bending stresses in
the specimen groove, by means of pan weight applied at the
end of the loading arm. One pound of pan‘weight ié approx-
imately equal to two thousand psi in the groove. The
torque is applied by ﬁeans of a commercial Infinit-
Indexer which is located on the back shaft of the machine.

B. General Description of the
Instrumentation

Strain gages are located on one side of the main
shaft, or toolholder, immediatéiy adjacent to the speci-
men. There are two four-gage bridges'—— one for-bending>
and one for torque. Nekt to the gages isAa‘slip—ring
brush assembly which electrically connects the rotating
shaft with the stationary instrumentation. The output is .
amblified and permanently recorded photographically'by

means of a Minneapolis-Honeywell Visicorder.
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C. Detailed Description of Fatigue
Machines and Instrumentation

The Test Specimen

The test specimen, shown in Figure 5, is six
inches long and is composed of SAE 4340 steel. Its major
diameter is 0.750 inches. A stress concentration factor
is i1ncorporated in the center by means of a groove, giving
a minor diameter of 0.500 inches. The radius of the
groove is 0,150 inches. A keyway is loéated at each end

of the specimen for the positive application'of the torque.

The Collet Assembly

The specimen is rigidly held in the drivershaft
with a collet-type toolholding fiiture, This makes 1t
possible'to rapidly install and remove specimens. Thé
.Balas toolholder, Part No. Sl6—8"—Clé, with collet, Part
Nﬁ, c-12, was used for this purpose. The holder was
altered slightly so that the test specimen key would fit
properly. The key prevents relative motion between the
specimen and the coilet,>thus enabling the positivpltrans-

- mission of torque.

Electric Motor

The fatigue machine is powered by a General
Electric, induction, squirrel cage, 4U40-volt, three-phase,
Type K, Tri-Clad, 700-1line motor. This motor has a NEMA

213T frame. It fulfills the design.requirements of 7.5
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horsepower, 1,800 rpm, 440-volt, 3-phase motor.. The con-
trol system consists of a magnetic starter with an off-on

push button and the proper fuses.

Flexible Couplings ..
Sier-Bath, all steel, flexible couplings aré used
because of their abllity to transmit tofque and allow
relaﬁive movement of shafts holding the test specimen for
pbroper transmission of the bending moment. In addition,
they are small in size.and relatively low in cost. There
are two Sier-Bath couplings located at eithervend of the
fwo halves of the front shaft and a larger one'on the

back shaft. They are shrunk-fit on the shafts.

Gear Box

A Falk Corporation gear reducer box is used. It
has a mechanical horsepower rating of 210 horsepbwer and
a thermal rating of 272 horsepower, with cooling fans.
Its speed is 1,800 fpm, and it has a AGMA geaf ratio
of 1.84.

Method of Torgquing

The torque 1s applied to the specimen by means of
a HDUI-200 Infinit-Indexer madehby the Harmonic Drive
Division of United Show Machinery Corporation, Beverly,
Massachusetts. The Infiniﬁ-lndexer has a flexible

circular gear rotating within a slighly elliptical
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fleXible, gspline-like, outer gear. At the major axis the
gear teéth do not mesh. When the shaft turns, the inner .
gear advances very slightly with respect ﬁo the outer gear
inducing a steady torque. The torque level is adjusted by
turning a large hexagonal shell on the outside housing of

the Indexer with respect to the shaft.

ioading Frame

The loading frame 1s capable of producing a 3,540
Viﬁ—lb bending moment in the specimen groove. There are
two bearings'loéated on each side of the front shaft.
They are spherical, roller bearings with a tapered inside
diameter capable of a maximum of 30 misalignment. The
bearings require adapter sléeves and are SKF from service
catalogue No. 450. The bearing housings are D/N UANASA-
6700-E-006 type and are press fitted on to the bearings.
Bélow the front shaft is located a T-shaped frame which
joins the bearing housings ﬁd the essentially horizontal,
1bading lever arm. The specifications of the lever are

given in Figure 6.

Instrumentation

Strain gages are used on the toolholder to moni-
tor the bending and torque loads. They are not located
in the specimen groove, but rather on the toolholder
direétly behind the collets as shown in Figure 7. The

reason for this is two-fold:
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Fig. 7.--Strain Gage and Slip-Ring Arrangement
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1. It is extremely difficult to mount strain
gages in the limited Spaceﬁpf the Specimén
groove.
2, Since the specimens are not reusable, the
géges are not reusable also.
The positioning and electrical circulitry for the four-
gage bending bridge is given in Figure 8. The strain gage
bridge arrangement for torque is shown in Figure 9.
Torque is measured by the method shown in Figure 10.
These are double-gages, 90O apért and all in one pilece.
They are so mounted on fhe toolholder surface that the
two gages make 450 with the toolholder aXis'of rotation.
Table 1 contains the specifications of all the gages, as
well as of the other electrical components. The‘slip—
ring assembly i1s located adjacent to.the strain gages, as
shown in Figure 7. The slip;ring and brushes used'are
Breeze AJ-8005-A8 type. The slip-rings afe counterbal-
anced With.an aluminum collar of equal weight and nearly
equal dimensions located on the other toolholder, as
shown in Figur¢ 7. The amplifiers,Vgalvanometers and
recorder are matched units consisting of a Honeywell Model
119 carrier amplifier, M1650 galvanometers and a Model
906 C-1 recorder (Visicorder). This is the equipmenﬁ used
to amplify and record the output from the beﬁding and

torque gages.
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(a) BENDING MOMENT STRA N GAGES

SLIP RINGS
ROTATING

STATIONARY

HONEYWELL
I19

AMPLIFIER
8 RECORDER

(b) STRAIN GAGE BRIDGE ARRANGEMENT

Fig. 8.--Bending Moment Instrumentation



25

(a) TORSION STRAIN GAGE

SLIP RINGS
ROTATING

STATIONARY

HONEYWELL
»119

AMPLIFIER
a RECORDER

(b) STRAIN GAGE BRIDGE ARRANGEMENT

Fig. 9e¢--Torque Instrumentation
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906 C-1

Table 1. Instrumentation

Part A Catalogue
Name Number Manufacturer Number Quantity Remarks
Metalfilm  324B-190 The Budd Co. BG 2400 L Bending moment-
strain Instruments shank of tool-
gages with Division holder
leads '
Metalfilm 3 x 4 - " M 2 Bending moment
strain M15E-240 groove of speci-
gages with ' men
leads
Metalfilm  C6-121- . " 2 Torque-shank of
strain R2VC Toolholder:
gages with
leads
Slip AJ-8005-~  Breeze Cor- 66SR 1 Transfer of data
rings and A8 poration, Inc. '
brushes
Visicorder Honeywell D-2009 1 With grid line

system, 14 mag-
netic assembly
channels

)2



Table 1.

Name

Galva-
nometer

Amplifier

Instrumentation--Continued

Part

Number

- M1650

119

Catalogue
Manufacturer Number Quantity . Remarks
Honeywell D-2007 6 0-5000 cps
" D-2005 6 Carrier and

linear/integrat-
ing system with
carrier channels
0-5000 cps

8¢



. CHAPTER 3
CALIBRATION OF RESEARCH MACHINES

A. Calibration Requirements

It was desired that the bending stress and shear
stress in the specimen groove be accurdtely known for each
specimén. ~These two stresses cannot be monitored directly
because it is not possible to locate strain gages directly
in the specimen groove since each fatigue failure would
destroy the gages. This would necessitéte replacement/of,
the gages after.each test run. Therefore the shear and
bending stresses must be determined indirectly through the
use of strain gages located on the toolholder shaft
adjacent to the specimen.
.The complete calibration procedure takes into
account the following complications:
1. Since the strain gages are located on the
téplholder rather than in the specimen
groove; the groove'stress must be calibfated
against the strain gage butput.

2. The specimen contains a groove, which intrd-
duces an additional unknown, the stfess

concentration factor. This value can either

29
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be taken from published data or determined
through additional calibration.

The torque and bending gages may be damaged

" during installation and require calibration

against a standard.

The torque and bending gages may be slightly
misaligned during installation; and there-may
be interference or interaction between the
torque and bending outputs.

There may be an axial force present in the

~specimen due to the geometry of the couplings

and the loading frame. Thilis axial force
could be a function of the torque or the

bending 1load, or both.

The above suggests that the following calibra-

- tions be performed:

10

Calibration of the bendingbgages in terms of
bending stress versus Visicorder output.
Calibration of the bending stress in the
specimen grooVe versus Visicorder output.
Torque interaction into the bending bridge.
Toolholder strain gage bénding Ouﬁput versus
specimen strain gage bending output. |
Calibration of the torque gages in terms of

shear stress versus Visicorder output.
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6. Bending interaction into the tofque bridge.
7. Axial interaction into bending of the specimen
groove gages.
8. Measuremeént of any axial force from torque and
bending moment.
These calibrations are explained in detail on the

following pages.

B. Bending Calibration

'l; Visicorder output from bending sﬁrain‘

gages on toolholder versus true stress

in toolholder - PRI '
Description of Test

This involved the calibration of the Visicorder
output in bending against.the true bending stress. The
true bending stress was obtained by introducing a known
bending moment‘at the toolholder stfain gages. In'drder
that the bending moment‘at the gages be aécurately Rnown,
it was desirable that the test setup be as simple as pos-
sible in order that the error introduced was small when

calculating the bending moment, and, subsequently, the

bending stress.

Test Setup
The Jlaboratory setup is shown in Figure 11. The
slip-ring side of the toolholder was removed from one of

the fatigue machines. The toolholder was locked down,



Torque clamp-screw device

Slipring
Loading
bearing Toolholder strain gages
Groove strain gage,
Specimen
Pan weight
Collets weig

To amplifier
To amplifier

Loading pan

Fig. 11.--Test Setup for the Bending Cantilever Calibration
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cantilevef faéhion, at the coupling end of the shaft.
This was accomplished by gripping the toolholder shaft
with a torque clamp-screw device between the loading bear-
ing housing and the coupling. The screw end of the torque
device was then locked i@ a vise on a laboratory table,
thus securing the toolholder in a horizontal position?
Next, a small notch was machined near the end of a test
specimen, and the specimen was installed in the collet of
the toolholder. The purpose of the notch was to hold the
wire which supports the loading pan in position. There-
fore,'the spécimén ﬁas ﬁositioned so that Tthe notch was
on top. |

Electricél connection between the toolholder
bridge and the amplifier was made with the use of thih
uninsulated wire which was wedged between the silver
plates and the di-electric on the appropriate arms'pf the
slip-ring asseﬁblj. Thé opposite end of the wires were
soldered to the correct leads of a bending bridge ampli-
fier cable, after having been removed from the brush
terminals of one of the fatigue machines.

The toolholder was removed from the Qlamp-screw
device and placed in a vertical position, resting on the
coupling. This insured that there was no bending on ﬁhe
strain gages while the electrical equipment was zeroed aﬁd
balanced. The Visicorder was zeroed and the bénding

bridge balanced according to the standard laboratory
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procedure. A fivefhundred—thousand ohm calibration resis-
tance was used for twenty-five Visicorder calibration
divisions. These calibration divisions were established
left and right of zero bending in accordance with standard
procedures.

Next, the toolholder shaft was again clamped in
the cantilever position, this time making sﬁre that ﬁhe
bending gages were located directly on the top and bottom
of the toolholder. This was accomplished in two ways:

(1) .A:visual check to see that the gages were in

the proper positions.

(2) With the toolholder gripped loosely and free

to rotate, the shaft was mOved slightly to
.see where the Visicorder bending output peaks
and then clamped in that position.
It was necessary to have the gages aligned in this manner
because the bending load was to be applied vertically,
and this was the oniy position in which the bending gages
will record full output. Finally, a stout wire was hung in

the Specimen notch and was attached to a loading pan.

Test Procedure

Weight was added to the'loading pan in ten-pound
increments until sixty pounds was reached. Then weilght
was removed in ten—pouhd increments until zero pan weighﬁ

was again reached. The static strain gage output was
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monitored at each bending level. The Visicorder output
wag carefully watched fo see that the Visicorder output
returned to the same level each time zero pan weight was
reached. . This insured that there was no electrical drift
occurring in the amplifier. Since the lever arm distance
for application of the bending moment to the toolholder
gages was about seven inches and the maximum pan weight
was sixty pounds, the bending moment only reached about
&20 inch pounds. This was a goqd deal.below the operéting
bending moment and therefore the amplifier strain gage
system was extremely sensitive in this low range of opera—
ﬁion. Because of the great sensitivity i1t was necessary
to alter the test plan for some runs because of bending
zero drift and other small problems. The sequenée of the
pan weights was not important as long as at least twelve
data.points were taken. After changing the pan weight, a
wait of up to ten minutes was sometimes necessary before
taking the Visicordér run in order for the electrical sys-
tem to reach equilibrium. This test procedure was applied
to the toolholder arms of all three faﬁigue machines.

Iﬁ was Important that the lever arm distance, the
distance between the loading wire and the geometric cénter
of the toolholder gages, be recorded before the testrsystem

was torn down.
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The Data Reduction

The standard procedure for reducing data of the
kind presented in Table 2 is to plot toolholder output
versus pan weight and fit a straight line to the points;
then cohvert the pan weight axis to true bending stress at
'the toolholder and the output axis to apparent bending
stress. However, these data were reduced using an analyt-
ical incremental method. This method determines the aver-
age Increase in Visicorder output per ﬁnit increase in pan
weight. This is the slope of the above-mentioned curve.
Since strain gage outputs are linear and are zero for
zero load, it'was not necessary to calculaté the bending
moment produced by the dead weight of the toolholder,
thus eliminating a major source of error. ‘

Iooking at the data, it can be seen that the pan
weights were not taken in ten-pound increments as pre-
viously stated. When the weights were calibrated against
a standard, they were all found to be 10.27 pounds. These
same weights were used throughout the_entire célibration:

program.
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Table 2.
Bending Rridge Calibration
MACHINE #1 MACHINE #2 MACHINE #3
Tool- Tool- Tool-~
Data holder Pan holder Pan holder Pan
Point Output Weight Output Weight Output Weight
Number div. lbs. div. 1bs. div. lbs.
1 2,2, 0 3.5 0 2.k 0
2 13.9 30.81 6.8 10.27 4.4 30.81
3 25.6 61. 6! 10.3 20.54 23.6 61.62
4 17.8 01,08 13.5 30.81 18.6 47.08
5 9.9 . 20.54 17.2 41.08 224 51.35
6 . 21.3 51.35 21.0 51.35 7.0 10.27
7 5.8 10.27 . 24.9 61.62 10.8 20.54
8 2.1 0 20.8  51.35 3.0 0
9 9.7 20.54 17.1 41,08 10.7 20.54
10 17.3 41.08  13.4 30.81 22,1 51.35
11 25.1 61.62 10.0 20,54 18.5 41,08
12 21.2 51.35 6.0 10.27 26.1 61.62
13 13.3 30.81 2.1 0. - 144 30.81
14 5.8 10.27 ' 6.7 10.27
15 2.0 0 2.7 O
16 5.6 10.27 . 18.1 41.08
17 17.1 41.08 25.8 61.62
18 24.8 61.62 6.5 10.27
19 13.2 30.81 14.3 30.81
20 21.0 51.35 10.4 20.54
21 9.5 20..54 21.8 51.35
20 1.7 0 2.5 0 .

Visicorder Calibration Resistances:
- Machine #1 - 500 kQ at 24.9 divisions
Machine #2 - 500 kq at 25.2 divisions

Machine #3 - 500 kO at 25.0 divisions
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First, the data were retabulatéd in incremental
form as shown in Table 3. Note that the size of the
strain increments is roughly constant, not a function of
pan weight; and therefore, the assumption that the data
are linear is a good one. |

The arithmetic average of thé data was determined
for each machine. These averages have the units Visi-
- corder divisions per 10.27 pounds. Théy had to be con-
verted to true stress per Visicorder output stréss, a
useful calibration parameter, which was the slope of the
desired curvé. The toolholder ouput can be converted to

incremental output bending stress by

E Rgage ANvis
bag, = : (@)
© Né G Rcal Néal

I

where Aco incremental output bending stress,

E = Young's Modulus for SAE 4340 steel = 30 x 1067
psi,
Rgage = resistance of the bending gage = 190qQ,
Né = number of active arms in the strain gage
bridge = 4,

- G = gage factor = 3.23,

Rcal = the calibration resistance = 500 kq,.
AN&is = the incremental Visicorder output,
N = the Visicorder calibration divisions.

cal
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Table 3. Toolholder Output Versus Pan Weight Data in
Incremental Form for Bending Bridge Calibration
in Terms of Change in Toolholder Output Divisions
for 10.27 Lbs. of Pan Weight

 Data Point Machine #1 Machine #2 Machine #3
Increment

1-2 3.90 3.3 L.00
-3 3.90 3.5 3.96
3-4 3.90 3.2 3.85
-5 3.95 3.7 3.80
5-6 3.80 3.8 3.85
6-7 3.87 3.9 3.80
7-8 3.70 k.1 3.90
8-9 3.60 3.7 3.85

- 9-10 3.80 3.7 3.60
10-11- 3.90 3.4 3.60
11-12 3.90 4.0 .3.80
12-13 ‘3.95 3.9 13.90
13-14 3.75 3.85

. 14-15 3.80 4,00
15-16 3.60 3.85
16-17 3.83 3.85
17-18 3.85 3.86
18-19 3.86 3.90
19-20 3.90 3.90
20-21 3.83 3.80

21-22 3.90 3.86

Average 3.838 ©3.683 - 3.850




The resulting output stresses for each machine

were:

where the subscripts i1ndicate the machine numbers.-

135.9 psi,

Ao =
°1
Ao = 129.9 psi,
o N
2
As. = 135.6 psi.
°3

Lo

These

values were the apparent increase in bending strain when

a 10.27 pound weight was loaded on the pan.

It remained

to calculate the actual bending stress increase for 10.27

pounds of pan weight. The equation was:

where AoT
L

AW

C

I

The lever

were:

Il

fog = HE
incremental actual bending stress,
lever arm distance,
increhental pan weight = 10.27 pounds,
radius of the toolholder = 1.0 inch,
moment of inertia of the toolholder cross-

n

section = 0.74 in™.

arm distances for each of the three machines

Il

Il

1l

8.745 in,
8.199 in,
8.237 iﬁ,
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Performing the calculations, the true stresses for each

machine per 10.27 pounds of pan weight were:

Aoy = 140.0 psi,
1

AoT = 131.5 psi,
2

AoT = 132.2 psi.
3

. . AOUTPUT (apparent) STRESS
Forming the ratio, KBTH ANTRUE STRESS

Kpgyg. = 0.967,
1

KBTH2 = 0.902,

: KBTH3 = 0.972.

These parameters will not be used directly in the
calibration procedure presented in Section 3-FE but have a
variety of uses in ﬁhe daily operation of the fatigue
machine.: This parameter can be used to determine true
 stress at the toolholder gages and is extremely useful to
have on hand.

2. Visicorder output from bending strain

gages 1n specimen groove versus true

stress in specimen groove (
Description of Test

In a,previous éection, it was poinﬁed out that;the'
fatigue test specimen does not ordinarily contain strain
gages in the groove. But for calibration purposes, ﬁwo,r

test specimens with bending gages in the grooves were
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prepared. Before. these specimens cah be used in the cali-
bration of the fatigue machines, their bridge oﬁtputs must
first be compared with the analytically determined true
bending stress in the specimen groéve°

Since this calibration is i1dentical in nature to
the toolholder Strain‘éage calibration presénted in the

previous section, the same test setup was used. Indeed,

it was possible to run the two tests simultaneously.

Test Setup
| Instead of using an ordinary test specimen in the
bending cantilever test setup, the specimen with the gages
in the groove was used. It was locked in the collet with
the bending strain gages on the toolholder and in the |
groove lined up. Once again, a notch was machined at the
extreme end of the-test specimen in order to guide the
loading wire and maintain a constant lever arm. N

A second amplifier cable was removed from the
brush terminals of a fatigue machine and positioned near
the cantilever system. Thin wirelleads were connected
from the strain gage terminals to the cable in the broper
arrangement for a two-gage bridge. The amplifier is
designed to accommodate a two—éage bridge as well as a
four-gage bridge. All connections were soldered and insu-

lated.
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Test Procedure
The test procedure was identical tO‘that in

Section 3-B-1l; however, instead of monitoring Jjust the
toolholder output, the groove output was also recorded.
The calibration resistance used for the groove amplifier
channel was 30 kQ with the Visicorder set at 25.0 di&i—
sions. Upon completion of the'test, both lever arm dis-

tances were recorded.

Data Reduction 7 _

“A glance aﬁ the data in Table 4 shows that the
groove outputs for Machines #1 and #3 are not presented
in form of Visicorder divisions. The reason for this is
that at the time of the tests, some difficulty was béingv
experieﬁced in balaneing the specimen groove bending
bridge with the anéywell amplifier.-_Therefore, a»static
étrain indicator was briefly substituted for the amplifier
and Visicorder. The strain indicator allows for the
Sétting of the gage factor and bridge size and then gives
strain directly in'microinches per inch.

The data from Machine #2 were reduced by the
incrementél method which was présented in Section 3-B-1.
The change in Visicorder output for each 10.27 pound pan
welght increment was determined, The changes in output

were then averaged. The results are given in Table 5.



Table 4. Calibration Specimen Groove Strain Gage Output
Versus Pan Welght Data

L

MACHINE #1 MACHINE #2 - MACHINE #3
Data Groove Pan Groove Pan Groove Pan
Point Output Weight Output Weight Output Weight
Number  pin/in 1bs. div. 1bs. uin/in  1bs.
1 39670 0 0.1 0 39655 0
2 40190 - 30.81 2.3 10.27 Loir4  30.81
3 40703 61.62 L.6 20.54 Lo6gs  61.62
L L0357 41.08 6.9 30.81 Lo346 41.08
5 L0015 20.54 9.4 41.08 40518 51.35
6 L0539 51.35 11.6 51.35 39825  10.27
7 39838 10.27 14.2 61.62 39998  20.54
8 39668 0 11.4 51.35 39655 0
9 40013 20.54 9.1 41.08 39998  20.54
10 - ho3sT 41.03 7.0 30.81 Los16  51.35
11 L0697 61.62 4.8 - 20.54 4o3hs  41.08
12 - Losatr 51.35 2.5 10.27 - 4oy85  61.62
13 L0182 30.81 o - 0 Lol7r2  30.81
14 39834 10.27 39825  10.27
15 39661 0 39655. O
16 39834 10.27 Lo3hs  41.08
17 40351 41.08 Loe87  61.62
18 L0691 61.62 39824  10.27
19 L0181 30.81 40171  30.81
20 Los22 51.35 39995  20.54
21 39005 20.54" 40514 51.35
22 39661 0 39654 - 0

- Visicorder Calibration Resistance:

Machine #2 - 30 kq at 25.0 divisions
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Table 5. Reduction of Machine #2 Data Given in Table 4

Data Point Increment

1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13

Change in Toolholder
Output in Divisions per
10.27 1bs. of Pan Weight

Average

ST O TN G TN WY NG TN W OSSR . WY NS N R 0
Ul W N 2 W ooy U W WD

' 2.358 divisions
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The incremental output stress in the groove was

then calculated as follows:

Ao . = E Rgagev ANvis
©5 Né G Rcal Ncal
where
E =30 x 106 psi,
Rgage = 120Q,
Né = 2,
G = 2.08,
Rcal = 20 kQ, .
Nﬁal = 25.0 divisions,
AN ;g = 2.358 divisions,
Ag.. = 2718 psi.
Op

For MachinésA#l and #3, the static strain gage
indicator outputs were averaged for each pan weighﬁ.level.
Then the incremental output strains were determined and
averaged.. The results are given in Table 6. The result:
is an overall average of.the increase in strain in the
groove for a 10.27 pound increase in pan weight. This

average is then converted to incremental output stress.

-6

1l
Il

Ag (30 x 106)(170.7 x 10

o )/2 = 2560 psi

EAae /2
1 °1
Ao . = EAe /2
°3 °3

The next step was to determine the true bending

-6

Il

(30 x 106)(172,7 x 107°)/2 = 2589 psi

stress in the groove analytically using



Table 6.

Reduction of Machines #1 and #3 Data Given in

Table L
MACHINE #1 MACHINE #3
Pan Average Average. _
Weight Strain AStrain Strain AStrain
1bs. puin/in - pin/in pin/in uin/in
0 39666.3 169.0 39654.7 170.0
10.27 39835.3 175.7 39824 .7 172.0
20.54‘ 40011.0 173.3 39996.7 175.6
30,81 Lo184.3 170.7 Loi72.3. 173.0
| 41.08 h0355.0 174.3 Lo3hs.3 171.7
51.35 10529, 3 170.7 40516.0 173.0
61.62 L0697.0 40689.0
Average 170.7 >172.7.'
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_Mc -
°gr ~ I o _ (2)

But the use of this_eqﬁation is deferred until the next
section, (3-B-2a), because ofrthelcomplicafion which is
introduced by the presence of stress concentration in the
groove. This stress concentration factor, not yet deter-
minéd so far, must be included in Equation 2.
2a. Experimental determination of the .

average stress concentration factor

in specimen groove ) e .

There are two unknowns: Kt’ the stress concentra-
tion factor for the specimen groove, and K

BGR’
corder output stress versus true stress curve slope.

the Visi-

Since the prbcedure in Section 3-B-2b was the only experi-
mental test, 1t was necessary to somehow extract both of

these unknowns from this single test. A rigdrous deter-
mination of K% and KBGR
it was felt that even a less precise development is more

is not theoretically possible, but

desirable than resorting to tabulare values of théoretical
stress concentration factors. '

The method used for determining Kt and KBGR'was the
following: For each machine, the incremental output bend-
ing stress in the groove was set eqﬁaluto the incremental

true stress

Ao . = Ag
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AWLC
ho, = Kp =5
Solving for’K%
AOOI
Ke = 50 (3)

The solution of Equation 3 for each machine gives

K, = 1.240
Ty
K, = 1.160
T
K, = 1.445
t3

Since the same specimen was used for each of the fhree
fests, the stress concentration factor must be the same.
Its value was taken to be the arithmetic average of the
three values. Therefore, the effective static stress Con-
centrationlfactor for all specimens is 1.28. This is a
static stress concentration factor because the calibra-
tion procedure used was static in nature.

Next, it waé necessary to allow for variation frqm

machine to machine. This is reflected in the value of

KBGR for'each machine.’ First, AoT.Was calculated using
the newly determined value of K%,,or
_w . AWIC
Bop = Koye =T

Then KBGR was calculated using the experimental results

from Section 3—B—2,



Koo = AOutput Stress
BGR = ATrue Stress °

The results for each machine were

KBGRl = 0.967
KBGR2 = 0,902
KBGR = 0.972
3
KBGR will be used in the data reduction technique of Sec-
tion U4-E.

3. Torgue iInteraction into Pending bridge output

Description of Test

For the bending strain gages on the toolhoider to -
performrsatisfactorily, they must be in the proper posi-
tion on the shaft and must.havé the correct orientation.
No matter how much'éare is taken, due to human error ‘
during installation, the gages will always be slightly out
of position. The effect of such misélignmenﬁ is inter-
action of the torque load with the bending bridge output.
The extent of this interaction and its direction must be
determined. The procedure used was to maintain a constant '
bending load and vary the applied torque. A setup was
used,vwhereby the change in the bending bridge output was

only due to torque interaction.
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Test Setup

Because of its'simplicity, a cantilever-type
setup Was again used. A torque arm was needed to apply
torque to the toolholder. This devicé was a standard test
specimen with a steel bar welded perpendicular to the
specimen at the groove. The bar was approximately thirty
inches long and has a small hole near the far end through
which a wire was strung to support a loading pan, aé éhown
in Figure 12. The toolholder was cantilevered in exactly
the same way as in previously described calibrations.

Once again, the toolholder bending gages should be
directly on the top and bottom of the shaft for fuli
bridge output.

In this test, i1t was necessary to monitor bending
and torque toolholder outputs; therefore, two amplifier'
cables were used and were connected to the slip-ring by_
fine wires in the manner described in the.earlier cali- -
brations.-

Next the specimen with the torque arm was placed
in the thlholder collet. A key was placed in the keyway
on the specimen so that the collet could support the |
torque without the specimen slipping. The specimen was
then tightened in the collet With the loading pan, and_the
torque arm was placed in a position slightly above the -

- horizontal. The reason for this was that the torque arm
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Fig. 12.--Test Setup for Torque Interaction into Bending Bridge Output
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deformed elastically during loading. Using a level, the
torque arm was positioned so that it was about-onewhalf a
degree above the horizontal in the no-load configuration
and one-half a degree below the horizontal when the maXiF
mum load was applied; It should be noted that the errof
ihtroduéed by the change in levér arm distance due to
“elastic deformation of the torqﬁe arm is a function of the
cosine of the change of the angle and is negligible.

Once the torque arm was'positiohed with respect'to
the toolholder, the entire assembly was removed from the
screw device and placed'with the toolholder‘in the ver-
.tical position. Then the torque and bending bridges were
balanced; the Visicorder outputs zeroed, and the calibra-
tion resistances (fivé hundred thousand ohms for bending
and three hundred four thousand'dhms_for torque, and thé
calibration divisions (twenty-five divisions for bending
and forty-five divisions for torque) were set on the
Visicorder. Then the assembly was returned to the test' 
configuration. NeXt a bgnding load pan was suspended
directly below the speéimen groove. Also a torque load
pan was hung from the end of the torque arm. A plane con-
necting the two pans must be pgrpendiculér td the longi-
tudinal axis of the toolholder aﬁd speéimen. This was

checked through plumb lines and squares. Four ten-pound
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weights were added to the bending pan and the test setup

was ready for torque interaction calibration.

Test Procedure

Weight was removed in ten-pound increments from
the bending pan and added to the torque pan. Both the
bending and the torque channels were-monitored; When the
weights were changed, there was a tendency for the tor@ue
arm to vibrate. This»was dampened with the use of the
hand; It was necessary at times‘to wait as long as ten
minutes between data points, depending on how much drift
there was in the amplifier and how long the amplifier took
to reach equilibrium. When all the weight wés in the |
torque pan, the weights were removed, ten pounds at a time,
and placed in the bending pan. When all the weights Were
back in the bending pan, the two Visicorder outputs fof
zéro-torque pran welght were compared. If they were iden-
tical, then it was concluded'that no amplifier drift
occurred during the data-taking period and the data were
good. Iﬁ_they did not compare favorably, then the data
were scrapped, and the test was re-run. At least tWo good
sets of up-and-down runs are needed for calibrétion

purposes.

Data Reduction
The calibration data -are presented in Table 7.

After the test for Machine #3 was run, the Visicorder
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Table 7. Torque Output Versus Bending Output Data from
Torque into Bending Interaction Calibration

MACHINE #1 MACHINE #2 MACHINE #3 .
‘Data Torque Bending Torque Bending Torque Bending
Point Output Output OQutput Output Output. Output .
Number div. div. div. div. dlv. div.
1 8.8 11.6 5.6 17.6
2 41.9 10.0 14.9 18.3
3 8.8 11.8 23.8 18.5
L ha.7 10.2 S 32.4 18.9
5 . 33.9 10.6 Lo.4 19.0
6 25.7 11.1 32.5 18.6
7 17.4 11.6 23.9 18.3
8 8.8 12.0 14.9 18.0
9 17.3 11.5 5.7 17.6
10 25.3 11.3 14.9 17.9 See Data
11 34,0 10.8 23.7 18.1 Reduction
12 41.9 10.4 32,3 18.3 in Section
13 8.8 10.9 40.3 18.8 L-B-3
14 32.4 18.5
15 23.8 18.2
16 ' 14.9 17.9
17 5.6 17.6
18 5.3 12.9
19 ' ' 4.5 - 0 13.1
20 23.4 13.3
21 32.2 13.6
22 , Lo.2 13.8
23 32.2 13.6
2l _ 23.5 13.5
25 14.6 13.2
26 oo 5.3 12.8

Visicorder Calibration Resistances:
Machine #1 - Bending 500 kQ at 25.0 divisions
Torque 304 kq at U45.0 divisions
Machine #2 - Bending 500 kq at 25.0 divisions
Torque 30 kO at 44.7 divisions
Ma.chine #3 - Bending 500 kQ at 25.0 divisions
Torque 304 ko at 45.0 divisions
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output was closely inspected. It was found that there was
no measurable change iﬁ the bending bridge output with
torque load. Therefore, it was not necessary tb carry the
reduction anylfurtherg it was immediately concluded that
there is no detectable torgque interaction into behding for
Machine #3.

The data from Machines #1 and #2 were reduced
graphically. First, the torque bridge output in divisions
was plotted versus the bending.bridge output in divisions,
as shown in Figures 13 and 14; then a straight line was
fitted to the points. Next, the slope of the curve was
determined by selecting two points for’the curve, and the
rates of change were determined. For Machine.#Q, there
are two sets of data and two slopes. The average slope
was uséd° From Figufe 13: |

Machine #1

Point A - (10.0, 11,912)
~ Point B - (40.0, 10,425)

AN_ . = 30 div
Vlstorque
AN_ . = - 1,487 div
v:stending;
From Figure 1l4:
Machine #2

Point A - (36.35, 18.70)
Point B - (5.00, 17.72)
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AN_. = 31.25 div.
Vlstorque ' 4

AN, = 0.98 div.
Vlsbending

Next, the Visicorder outputs in divisions were converted

to strain, using Equation 1. The conversions to strain

gave:

Dep = i.?5 pin/in
1

Aeg, = - 31.9 pyin/in
1

Aep = 1.15 pin/in
2

Aep = 33.5 pin/in

Conversion to stress instead of strain could have been
used also where the subscript denotes torque or bending

for Machines #1 or #2. For torque, the parameters are:

= 1200

Roage
N, = L
G = 2.06
Rog1 =A304 kQ

The slopes in terms of strain would be:

_1.75 _
S, = - 375 < - 0.0548 = KT/Bl
1.15 _
S5 e 0.0343 KT/BQ°
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Since stress is equal to the strain multiplied by Young's
Modulus, the slope of the bending stress versus shear
stress curve is identical to fhe strain cufve.slopea This
slope is giveg the designation KT/B and will be used inr
the calibration procedure described later. Since there_
must be no interaction into bending for zero torque load,
a plot of bending stress interaction versus shear stréss
could be constructed by drawing a line through the origin
with the slope KT/B and labeling the axes appropriately.

- Note that the interaction for ﬁachine #1 is nega-
tive, the interaction for Machine #2 is positive, and the
interaction for Machine #3 ié zero.

L, Relationship between toolholder
: bending stress and sp601men groove

bendlng stress T '

All previous tests involved the calibration of
only the bending strain gage bridge dutside-of the fatigue
machine. In this test, the bénding bridge will be caliF
brated in the fatigue machine. | |

.For an approximate analysis, it can be assumed
that the bending QOent along the toolholder éhaft between
the two loading bearings»is conhstant. This would be,trﬁe
if the toolholder were weightless. Then the relationship
between toolholder_bending moment and specimen groove
bending moment is

Mfoolholder - Mgroove
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The bending stresses are given by

_ Y

G _
i SO v
o= Morar
GR Ton
Combining these gives
Srulry _ “grlgr
e %eCer

Solving for the bending stress in the specimen grodve,

the groove stress is obtained as

waever, in a more sophisticated analysis, the dead weight
of the toolholder must be considered. Two approaches are
given. In Section 3—B—4a, an experimental analeis ié
conducted. The results of these tests afe applied to the
calibration procedure presented later. The second approach

is analytical and is presented in Section 3-B-4b.
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UYa. Toolholder strain gage outpﬁf versus
specimen strain gage output '
Description of Test
This test involves the calibration of the bending
bridge of the toolholder against the bending bridge of the

specimen groove.

Test Setup
| For this calibration to have any-usefulness, the
setup must be the normal ruﬁning mode of the fatigue
- machines. Therefore, a specimen with bending gages in the
groove was installed in the toolholder éollets according
to the actual tes% procedure which 1s used in running speci-
mens. For the full procedure, the laboratory checklist
given in Appendix C should be consulted. The leads from
. the specimen were soldered directly to an amplifier, leév—
ing some play in the leads so that the shaft can be rotated
by hand a few times without causing the leads to wrap
tightly around the specimen. The normal brush and sllp—
ring arrangement was used for monitoring the toolholder
output.

The strain gage bridges_were zeroed»and balanced
according to the checklist procedure. The toolholder
shaft was rotated until the specimen groove»gages.ﬁere

~along the neutral axis, when balancing the brldge The

toolholder gages will then be randomly orlented, whlch is
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perfectly all right since the 1oading frame is blocked up
(see checklist.procedﬁre). The calibration resistances
were 190 kQ'for the toolholder and 11 kO for the groove
bridges, while the Visicorder calibration divisions were

both 25 divisions.

Test Procedure. -

A ”quasi—static" test was run by rotating the
- fatigue machine shaftrby hand rather than being turned
full speed or left at rest, while readings were taken.

Weights were plaéed in the loading pan in two-and-
- one-half-pound increments until fifteen pounds of total
weight was reached. Then thelweights were removed from
the loading pan at the same rate until the pan weight was
zero. At each level, the toolholder shaft was rotated a
few times by hand while the Visicorder recorded the out-
pﬁts from both bending bridges. It was made sure fhat
both outputs showed an upper and lower peak so that the
total bending width could be determined. At least twelve
data points were taken. |

The test was repeated for the other two fatigue

machines.

Data Reduction
The calibration data are given in Table 8. The

graphical reduction technique of the data was used.
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Table 8. Toolholder Versus Groove Bridge Output Data for
Quasi-static Calibration of Groove Stress

- MACHINE #1 - MACHINE #2 ' MACHINE #3 -

" Tool~ Tool- : Tool-
Data holder Groove holder Groove holder Groove
Point Output Output Output Output Qutput Output
Number div. div. div. div. div. div.
1 21.6 16.2 20.0 31.1 25.0 26.8
2 25.1 18.6 23.9 36.2 28.6  141.8
3 29.1 21.7 27.2 41.3 32.0 47.3
L 33.1 2.2 30.3 45,3 39.1 57.0
5 36.1  26.1 37.6  56.0 21.6  31.9
6 40.3 29.3 36.6 52.8 25.1 36.3
7 43.9 31.7 34.7 50.7 28.2 40.9
8 39.9 29.3 30.0 4.6 32.4 46,2
9 35.9 26.4 27.7 10.6 40.0  56.0
10 32.7 23.9 23.7 34.3 21.7 31.3
11 29.2 21.5 20.1 30.5 25.2 36.3
12 25.7 18.9 23.1 34.8 28.8 41.3
13 22.0 16.4 27.0 39.9 32.0 46,6
14 25.8 19.2 30.0 43.6 35.3 50.3
15 28.8 21.3 33.9 49.3
16 33.3 24.3 36.2 52.2
17 36.1 26.7
18 4o.2 29.3
19 VIR 31.7

V131corder Calibration Resgistances:
Machine #1 - Toolholder 200 kQ at 24.9 divisions:
Groove 22.22 kO at 24.9 divisions
Machine #2 - Toolholder 190 kO at 24.8 divisions.
Groove 11 kO at 24.6 divisions
Machine #3 - Toolholder 190 kq at 25.0 divisions
Groove 11 kO at 25.0 divisions
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For each set of data, a plot of toolholder output in divi-
sions was made, as shown in Figures 15, 16, and 17.

Straightllines were drawn to fit the data. Two points were

selected on each line and the ANﬁis and
toolholder
AN%is were determined. Next, the outputs were con-
groove

verted from divisions to strain by using Equation 1 with
Young's Modulus removed. The results are given in Table 9.
Tastly, the slopes of the toolholder bending straln versus

Table 9. Table 8 Visicorder Divisions Converted to Strain
in Toolholder and Specimen Groove

ANGss Amootnolder 2Nyis A€ orsove
Toolholder groove
div. pin/in div. = pin/in:
Machine #1 22.2 - 32.85 15.75 1620 -
Machine #2 4o.0 62.40 59.0 3145
"Machine #3 10.7 16.55 15.0 . 786

groove bending straln plots were determined and given the

designation K H,'With the following resulﬁs:

GR-T
KGR—TH. = 00,0203
1
Kop-TH, = 0.0198
= 0.0215

KGR—TH3
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Note again that the stress curve slope is identical to the
strain curves slope. These parameters will be used in the
calibration procedure preéented in Section 4-E.
Up. Toolholder bending stress versus

specimen bending stress

In early calculations, i1t was assumed the bending
moment along the toolhcolder Wasbessentially éonstant
between the strain gages and the specimen groove° While
the assumption was acceptable during the design phases of
the project, later calibration required more accurate
knowledge of the change in bending moment between the
strain gages and the specimen groove.

Ideally, it would be best to construct é mathe-
matical model of the toolholder; in other words; éompletely
describe the physical system in terms of point forces and
loading functiohs, This involves the drawing of a free
body diagram of the front shaft, so that a bending ﬁoment
diagram can be calculated as ‘a function of pan weight,-'in
B addition to beling able to gét the correct stress in the
specimen groove for the increase in bending moment, it
also becomes possible to theoretically defermine the tool~-
holder strain and compare it with the expefimentai results:
described in Section 3-B-1. |

- In the free body diagram of Figufe 18, the weights

of all the components and their positions along the shaft
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can be determined easily from the design data of each
machine. The loadings at the bearing housings can be
expressed as & function of the pan weilght if an analysis
of the loading frame is undertaken.

.To compléte.the mathematical model, the operation
of the couplings at either end of the toolholder had to be
fully understood. It was believed that a single-valued
resisting moment, reaction force and pivot point could be
assbciated with the coupling mechanism. An experiment was
proposed and initiated to determine these three unknown
‘parameters. .A specimen was placed in the ﬁachine and the
machine was set up as if it were about to bé.run. How- |
ever, the chuck on one side was held only at one end.

Then the opposite side of the machine was supported in a
level position so that the linkage would exert an equal
force on each section of the shaft when the machine.was
_1oadéd. Next; a balance system was riggedAabove the
machine, as shown in Figure“l9. Care had to be taken to
insure that the Wipé connected to the specimen was ver-
ticél at all times. Also, the balance bar had to be hori-
zontal. A bubble-type level was attached to the top of
the chuck with a rubber band. ~This was used to tell when
the shaft was in a level position. Then a pointer was |
attached to the chuck. A scale was then connected to the

opposite safety bridge and the poihter adjusted so that it
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unld read out increments on the gage. The graduations on
~the scale stood for no physical quantities:; they were only

for reference.

Data-taking Procedure

V'First, the machine was loaded in the lower weight
" pan. Five data points were taken starting at zero loading
and increasing in five-pound increments/to.twenty pounds.
- Each load was carefully centered in the loading pan so
that the: load was balanced at all times. Then thé balance
bpan was loaded until the force in the wire was great
enough to 1ift the shaft to approximately a level position
as indicated by the bubble level. Then the Weight in the
balance pan was carefully centered and the positions of
the balance pins adjusted so thaﬁ all forées acted at
their measured distances from the fulcrum. At this time,
using the level, a zero mark (level shaft position) was
recorded on the scale. Before and after each data point
was taken, the zero mark was checked to see that 1t had
nOf moved, Now, with the observer in a seated position SO
fhat he could line up his eye with the top of the back- |
shaft and the pointer to maintain fhe same parallax through-
out the experiment, the system was displaced from the
,équilibrium position and'allowéd to return. Small weights.

were added or subtracted on the balance pan to reach an
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equilibrium point when the shaft was horizontal. Since
the pivot point in the coupling was stiff (large resisting
moment ), there was little sensitivity to weight added to
the balarice pan. Thus it was found that sensitivity could
be increased by following the procedure just méntioned;
that 1s, displace the shaft up and'd0wn from the equilib-
rium position and allow it to return freely. An example
1s now given to help clarify the procedure.

Figure 20 shows the scale graduations. The dotted
line, B, is the position the pointer would indicate when
the shaft is level. If the shaft were displaced upward
-and allowed to return to the equilibrium position, it
would stop, say, at line A. wa if the‘shaft were dis-
placed downward, 1t would come to an equilibrium‘position
at point C, or two full graduations below A. However,
lines A and C are equi~-distant above and below the level
point, line B, and therefore the observer considered this
set of cilrcumstances to be the sought-after equilibrium
pqsition and the weight in the balsnce pan at fhis time
was considered to be the welght necessary to bring the
shaft to a horizontal position for a given Weight in the
loading pan. The problem was further complicated by the
- fact that the pointer would not always return to line A
when the shaft was displacéd upward. It would be very .
close to line A, and the average of the displacements

upwazrd would give line A. The same is true for line C.
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This would indicate that a great deal of time and trials
were necessary to procure each data point. This was, in
fact, the case.

When the data from the preceding experimentrwere
reduced, it was found that the lever arm distance calcu-
lated was physically impossible. Since it was impossible
to increase the accuracy or sensitivity of the experiment,
it was concluded that:

(l) Thevoperatibn of the coupling was erratic/and
no valid mathematical mode of its operation
could be determined.

(2) Since the coupling operation was indeter-
minate, a fuli mathematical model couid not
be determined and somé of the objectives of
this study would have to be compromised.

The results of this approach indicated that the
exact resisting moment at the coupling, the lever arm, and -
the reaction forces could not be determined with thei
desired accuracy. This conclusion led to the pursult of
the different calibration procedure presented.in this

report.
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C. . Tdrque Calibration °

1. Torque load versus Visicorder output

Description of Test

.As was the case in bending,,it was necessary to
calibrate the torgue bridge on the ﬁoolholder against a
knowh torque loading. With this calibration, any Visi-
corder output of the torque channel can immediately be con-
vertéd‘to shear stress in the toolholder. Since the
applied torque is constant along the toolholder shaft,
shear stress in the toolholder can be converted to shear

stress in the specimen groove without further calibration.

Test Setup

The test setup was identical to the system used in
Section 3—B—3 to determine the torqué interaction into
bending° In.fact, if the-tbrque pan weights for each
Visicorder run are recorded at the time the torque inter-
action into bending calibration is run, then the same data
can be uéed for both tests. This procedure was followed

for all three machines.

Data Reduction
The calibration data are given in Table 10. The
pan weight versus torque output plots are given in

Figures 21, 22, and 23. A straight line was fitted to
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Table 10. Torque Output Versus Pan Weight Data for Torque
Bridge Calibration

MACHINE #1 MACHINE #2 MACHINE #3

- Data Torgue Pan Torque Pan - Torque Pan
Point Output Weight Output Weight Output . Weight
Number div. 1bs. div. 1bs. div. 1bs.

1 8.8 0 5.6 0 5.4 0

2 - 4i.9 41.08 14.9  10.27 13.2 10.27
3 8.8 0 23.8 20.54  21.1 20.54
4 4i.7 41.08 32.4  30.81 28.6 30.81
5 33.9 30.8 4o.4  41.08 35.9 41.08
6 25.7 20.54 32.5 30.81 28.5 30.81
7 17.4 10.27 23.9 20.54 20.8 20.54
8 8.8 o . 14.9 10.27 12.9 10.27
9 17.3 10.27 5.7 0 5.1 o -
10 25.8 20.54 14.9 - 10.27 5.2 o]

11 34.0 30.81 23.7 20.54 13.1 10.27
12 41.9 41.08 32.3 30.81 20.9 20.54
13 8.8 0 Lo.3 41.08 - 28.6 30.81
14 32.4  30.81 35.6 41.08
15 . 23.8 20.54 28.3 30.81
16 4.9  10.27 20.8 20.54
17 : 5.6 0 12.9 10.27
18 - 5.3 0 5.4 0

19 _ 4.5 10.27

20 23,4 20.54

21 32.2  30.81
22 : - L4o.2  41.08

23 32,2 30.81

24 : 23.5  20.54

25 14,6 10.27

26 5.3 0

Visicorder Calibration Resistances:
Machine #1 - 304 kq at 45.0 divisions
Machine #2 - 304 ko at WL4.7 divisions
Machine #3 - 304 kq at 44.5 divisions
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- each set of data and two points are selected off each
curve; The delta values were determined; the pan weight
was converted ﬁo true torQue using:

AT = AWL

_ ATC
ATt rie = J

where

AW = increment of pan weight,

[
Il

torque lever arm distance,
AT = increment of torque,

C

i

radius of toolholder at the torque bridge,
J = polar mbment of inertia at the thqﬁe bridge.
The torque output was converted to apparent shear
stress using reduction Equation 1. Iastly, the slopes
were detérmined and'given the designation KTg ,The results

appear in Table 11.

Table 11. Torque Reduction Table from the Results of

Table 10
Machine Point  Point AW AN__. A A Slope
A vis out True g
No. A B Ibs. 44y, psi o psi Ky
1 (30.0, (10.0, 20.0 16.0 513 Ls2  0.882

33.0) 17.0) _
2 . (40.0, (5.0, 35,0 29.5 943 792 0.840

- 40.0) 10.5) : <

3 - (35.0, (15.0; 20.0 15.0 480 k2 0.944
31.5) 16.5) .
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2. Bending interaction into the torque bridge output

Description of Test

If the torque stfain'gages in the toolholder
torque bridge were slightly misaligned during installation,
then there will be an interaction between the torque bridge
output and the bending lcad. This interaction ﬁust be
-determined experimentally for each torque bridgé; 2The
method used 1In Section 3—B—3 to determine the effect of
torque on the bending bridge output was used again. The
torque load was vafied, and the change in the tdrdue

bridge output recorded.

Test Setup

If the torqﬁe load appiied to the tbrque bridgé is
allowed to be zero, then the setup, Figure lO,.used in
' Sections 3-B-1 and 3~-B-2 can be used. Thus, three differ-
ent calibration tests can be run with the same setup,i
greatly reduéing the time necessary tQ complete the cali-
bration of the fatigue machines; B

_ In this test, the torque bridge and bending bridge
-outputs needed to be monitored.  The cantilever system was

connected electrically as described in Secﬁion 3-A.
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Test Procedure

Weight was placed in the loading pan iﬁ teh—pound
“increments, as in Figure 10. A Visicorder run was taken
after each weight increase, One hundred ten pounds was
the maximum pah weight used. From twelve to thirty data
points were run depending on the reproducibility of the
data. Fach time zero pan weight was reached, the Visicofder
position was noted and comparéd with the previousAone° If
the difference was greater than 0.1 divisions, it was con-
cluded that amplifief drift has occurred and.the points

between the zeroes were omitted.

Data Reduction
The calibration data are'given in Table 12. For
Machines #1 and #2, the data of bendiﬁg bridge output‘were
plotted against the torque bridgé output, as showﬁ.in |
Figures 24 and 25. A straight I1ine wés fitted to the data‘
and the slope of the line determined by taking'incrementél
changes in torque and bending outputs and conveffing them
to strain. Then the values were ratioed. | | |
For Machine #1, two points on curve are:
Point A - (8,-0.15)
Point B - (0.35, - 0.1)

AN, . = 7.65
Vlsbending
ANﬁis = 0.25

““torque
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Table 12. Bending Output Versus Torque Output Data for
Bending into Torque Interaction Calibration
- MACHINE #1 )MACHINE #2 MACHINE #3 -
Data Torque Bending Torque Bending Torgque Bending¥*

Point  Output Output

Output Output

Output Output

Number div. div. div. . div. div. div.
T -0.1 0.2 0 2.7 -0.3 2.0
2 4+0.5 17.3 0.8 21.0 -0.5 9.0
3 -0.1 0.8 0 3.2 -0.8 20.1
4 40.4 17.1 0.1 6.9 -0.3 9.1
5 40.2 8.2 0.3 10.5 0 1.1
6 -0.1 0.5 0.6 14,1 -0.1 8.9
7 40.1 8.0 0.7 17.1 -0.7 20,2
8 +0.4 16.9 0.9 22.6 -0.3 9.0
9 +0.2 7.8 1.0 25,2 4+0.1 1.1

10 - -0.1 0.3 0.8 21.6 -0.5 8.9
11 4+0.1 7.7 0.6 18.0- -1.0 20,2
12 +0. 4 16.5 0.5 14.4 -0.4 8.8
13 -0.1 0.1 0.3 10.7 40.2 0.9
14 0.1 7.1 -0.4 8.8
15 0 3.3 ~-0.9 20.0
16 1.0 21.5 -0.3 8.9
17 1.2 25.2 40.1 1.1
18 1.3 29.0 -0.4 8.8
19 1.5 32.8 -0.9 20.1
20 1.7 36.0 -0.3 9.0
21 1.8 40.0
L 22 2.0 14,0
23 2.0 44,2
2L 1.8 L0.5
25 1.6 36.0
26 C1.h 33.2
27 1.2 29.5
28 1.0 25.3
29 0.8 22,0

* All bending data appears at 0.2 amplifier attenuatlon,

therefore a 5/2 correction factor is required.
Visicorder Calibration Resistances:
Machine #1 - Bending 500 kQ at 25.1 div.;

Torque 304 ko at 44.9 div.

Machine #2 -~ Bending 500 kqQ at 24.0 div.;

Torque 350 kO at 44.8 div.

Machine #3 - Bending 500 kQ at 25.0 div.;

Torque 350 kq at 44.8 div.
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Using Equation 1,

i
B (25.1)(4)(3:23)(6.5) (10°)

= 8,97 'uil’l/il’l

re = (0.25) (120)
T (3h.9)(4)(2.06)(0.304) (10°)
AeT

Slope = —= _ 0.267 _
A€ -8_,—97— 0. 0298

= 0.267 yin/in

vy}

For Machine #2, two points on curve are:

Point A - (40.0, 1.8)
Point B - (12.5, 0.45)
AN_ . = 27.5
Vlsbending
AN -
VlStorque- 1.35

Using Equation 1,

. - (27.5)(190) _
B (25.0) (%) (3.23)(500) (10°)

A = (.135)(120)
T (44.8)(4)(2.06)(350)(10°)

33.58 yin/in

i

1.255 pin/in

Slope = %%%%gi = 00,0374

Since for zero bending, the bending interaction
into torque must also be zero; the slopes are all that are
needed to completely define the interaction. The slope'
was. given the designation KB/T;

The Machine #3 data were reduced slightly'differ—'
ently. Thé tabulation of the data in Table 12 shows that

the datum of the data shifted with each subset. Therefore,
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each subset was given a different plotting symbol, and the
data were plotted as shown in Figure 26, A line was fitted

to each subset, and the slopes were determined.

Symbol Slope
0 - 0.02835
a | - 0.0608
x - 0.0409
A - 0.0591
* - 0.0543

The dot subset was thrown out because it 1s far out of
1inén This was justified by the fact that these data were
taken first, and equilibrium of the electrical equipment
may not have beenrestablished.' The remaining four slopes
were averaged. The average slope is —0;0538. Then the

conversion to strain was made.

v N .. . .
Slope = Rgage NéalNéGRcal Vlstorque
P Nea1MaGRean Roage 28 yis.
T 2 bending
= -0,01698

The coefficlent of the bending Visilcorder divisions is a
correction factor made necessary by a change in the attenua-

tion on the bending channel of the amplifier.
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2a. Effect of bending on torque bridge
output - additional test

Description of Test

Frdm the definitioh of interaction, it is evident
that the bending interaction into torque should not be a
function Qf the mean torque load. That is, the misalign-
| ment of the torque gages does not vary with torque-loadj
therefore, thé interaction would not vary. A spot chéck
was necessary to show that this reasoning is correct. The
.result can also be extended to the torque interaction into
the beﬁding bridge output. This test was applied only to

Machine #2.

Test Setup

. For this test, a high mean torque was applied to
. the cantilevered toolholder. The torque arm wés required
to apply this'torque. The test setup was identical to
thaf used to determine the éffect,of torque on the bending

bridge output and is that of Figure 11.

Test Procedure

Twenty pounds was placed in the torque loading pan.
This weight was left untouched for the remdinder of the
test. The remainder of the test proceeded in the ﬁanner
described for the previous bending into torque interactioh

calibration.



92

Data Reduction

The data are given in Table 13 and plotted in
Figure 27. The reduction of the data wés the same as that
given for the previous bending into torque interaction
calibration: |

From two points on fitted line:

Point A - (25.0, 26.1)

Point B - (10.0, 25.25)

AN, = 0.85
Vlstorque

Am&ls = 15.0

bending '

. = NoisBoage _ (15.0)(190) = 17.65
B~ Wop1lo6 Ropy | (25-0)(9)(3-23) (500)(303) ~ 102
c = Nﬁingage _ (0.85) (120) = 0.788
T N, 1N, RCal (H.0)(4)(2.06)(350)(103) uin/in.

I

Slope '-17%‘—:6'5' = O.OLI'LI'T

This compares favorably with the slope presented
for the zero mean torque interaction and, therefore, for

Machine #2, the average of the two, 0.0410, is taken to be

. g/
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Table 13. Bending Output Vérsﬁs Torque Output Data at High -
Torque Level for Bending into Torque Interactlon

Callbratlon
MACHINE #2

Data Point Torque Output Bending Output
Number div. div.
1 25.2 9.4
2 25.3 11.8
3 25.5 14.1
4 25.6 16.3
5 25.7 18.7
6 25.9 21.1
7 26.0 23.4
8 25.8 21.1
9 25.9 18.8
10 25.6 16.6
11 25.5 1.2
12 25,4 11.8
13 25.3 9.5
14 25.5 13.5
15 25.8 21.0
16 . 26.0 23.5
17 26.1 25.8
18 26.3 28.0
19 26.4 30.2
20 26.5 '32.8
21 26.7 34.8
22 26.5 32.8
23 26.14 30.5
24 26.3 28.0
25 26.2 25.8
26 26,3 28.0
27 26,2 25,8
28 26.1 23.5
29 25.9 21.0

30 25.4 13.7 ...

Visicorder Calibration Resistances:
Machine #2 - Bending 500 kqQ at 25.0 divisions
Torqgue 350 kQ at L4.8 divisions
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D. Axial Effects
. 1. Effect of axial load on bending bridge output

Deécription of Test

.It was not known whether the loading configura-
tion of the fatigue machines imparts an axial stress in
the test speéimen° If there is such a forcé, then it must
either be eliminated or accounted for in the determination
of the stress ratio. The axial stress could be zero, a
constant, a function of bending load, a function of torque
load, of a function of both bending and torque loads.

This axial stress must be accounted for in érder to com-
plete the calibration of the fatigue machines.

The toolholder bending bridge was set up so that
it measured the bending strain and canceled any axial
force applied, If two of the arms on the bridge'are
reversed, the bridge wiil now measure the axiélvload, can- -’
cel any bending lcad. A preliminary step in the measure;
ment of the axial stress was to determine if any axial
load interaction into the bending bridge output were pres-
ent. If there is no interaction, theﬁ any change in the
~axial stress bridge, when a bending load is applied, will
be a true measure of the axial stress in the specimen
groove,' If there is intéraction,'then the corrected out-

put will be a measure of the axial force.



. S %6
The test to be performed was not bending inter-
action into the axial bridge, but the axial interactidn
into the bending bridge. Since any interaction is due to
misélignment of the Bending gages, 1f one form of inter-

‘action is present, then the other must also be present.

Test Setﬁp

The toolholder was removed from the fatigue
méchine and placed in a vertical position, resting the
coﬁpling end on a hard, level surface. A specimen wifh
gages in the.groove was installed in the collet. Thé
bending bridge of the specimen was cénnécted to the ampli-
fier. Then the amplifier cﬁannel Was balaﬁcéd. A welght
pan was next balanced on the end of the specimen'and a
Visicorder run taken. Then weight was stacked in ten~
pound increments on the pan until sixty pounds was
reached. The bending bridge output was recorded after

-each addition of weight.

Data Reduction

The Visicorder output showed that in all cases
there was no measurable axial interaction inﬁo the bending
bridge° From a previous discussion, 1t can also be con-
cluded that there was‘no'bending-interaction into the

axilal bridge of the gaged specimen.
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2. Measurement of the axial stress

2a. Measurement of the axial stress
as a function of bending load

Description of Test

Since it was established that there was no bending
interaction into the axial stress for the gaged specimen,
the axial stress could be measured.

In this first test, the axial stress was investi-
gated as a function of the bending load. The test was
conducted oniy on Machine #1 and the results were reduced
before any decision was made about extending‘the analysié

to the other two machines.

Test Setup

| The Specimen which was used in the axial inﬁer—
aétion test was installed in Machine #1 according to the
installation checklist. The brush assembly which monitors
the toolholder torque output was 1lifted from the slip-
-rings so ﬁhat they were inoperative. The long leads from
the specimen were connected to the torqﬁe terminals on the -
brush support so that the bridge formed would measure axial
stress and cancel bending. The toolholder bending bridge
and the specimen axial bridge were zeroed and balanced

according to the checklist.
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Test Procedure
With the long arm in use, welght was added to the
loading pan in five;pound'increménts. Between each incre-
ment a Visicorder run'was taken while the toolholder was
turned quickly by hand. Weight was added until twehty

pounds was reached, and then the test was repeated.

Data Reduction
The data are given in Table 14. A plot of the
data is given in Figure 28. It shows a non—zero-axial
stress which i1s a linear functioﬁ of the bending loéd.
| The magnitude of the axial stress was determined
next. For a tWenty—pound range in pan weight there was a
1.7 division range in axial groove gage bridge output,

Converting this to strain,

o Nois  Foape (1.7)(120) - 3.38
0 T Wepy W, G Ropy ~ (50.0)(2)(2.09](290; 000 in/in
or in terms of stress
o, = Be, =30 x 106 x 3.38 x 10_6 = 101.4 psi

This is a negligible amount of axial stress. Since the
pan weight range was twenty pounds on the long arm, an
axial stress of about 100 psi would be the maximum that
would ever be encouﬁtered iﬁ any test run. Therefore, the

axlal stress due to bending load can be omitted. The
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Table 14. Axial Output Versus Bending Output for Axial to
Bending Interaqtion Calibration

MACHINE #1 T
Data Point Bending Ievel Groove .Bending

Number div. Mean div.

1 ' ‘ 20.8 -0.2

2 ol 2 -0.5

3 27.9 -0.5

b 31.5 -0.6

5 35.0 -0.9

6 38.7 -1.1

T 41.9 -0.8

8 19.6 0

9 Lo.,2 -1.4

10 19.7 10.2

11 41.9 -1.0

12 19.4 +0.3

13 | | ‘41.8 ‘—l;Q”

Visicorder Calibration Resistances: '
Machine #1 - Bending (toolholder) 190 kq at
» - 50.0 divisions .
Bending (groove) 290 kq at 50.0
divisions :
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analysis was not extended to the other two machines
because the axial stress was found to be so small that a

value ten times as great would still be negligible.

2b. Measurement of the axlial
stress as a function of torque
load
Description of Test
Next, the axial force was measured as a function

of the torque load with the bending load held constant.

This test was performed only for Machine #I1.

Tést Setup

The torque brushes were placed in contact with the
slip-rings and the bending gages lifted. The axial bfidge
of the specimeh was wired to the bending terminals on the
brush mount. The épecimen was installed accérding-to‘.
checklist procedures. The torque bridge and the é?ecimen
axialAbridge were zeroed and balanced. Fivé pounds was

placed in the loading pan at the end of the long arm.

Test Procedure
Torque load was varied randomly through the 1

Infinit-Indexer and a Visicorder run téken at each level.

Fourteen levels were run.
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Data Reduction
The data are given in Table 15. The specimen
. groove gage output plottedvagainst the torquerufput
appéars in Figure 29 and is a linéarly varying.axiai
stress. The range of the stress is 2.7 divisions,b The

strain for this output 1s,

o = Nois Boage _ (3.9) (120) e
0 T Wy T, G Fpy _ TH9B)(2)(2.08)(290,000) ~ .0,

whicﬁ is 233.4 psi in terms of Stresé.

This value, althbugh larger than ﬁhe one for bend-
ing load, is still negligible. The small value of the.
axial stress over a large range of torque indicated that
the test did not have to be repeated for the othér two

machines.

E. Summary of Calibration Results

The éalibration of the complex fatigue reliability -
research machinés-was thus completed. 'Bending, torque ahd
axial interaction tests, calibration of the bending,
torque aﬁd specimen groove bridges against a standard, and
toolholder bending output versusﬂspecimen groove»bending
output tests were thus performed for each machine. The
relationship between the variables in each case proved to -
be linear and a slope could be associated with each}cali-b

bration. Since for all cases, the functional reiétionship
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Table 15. Axial Output Versus Torque Output for Axial
Iovad into Torque Interaction Calibration
MACHINE #1
Data Point Torque ILevel Groove Axial
Number div. : Mean . div.
1. 0 -0.6
2 11.8 +0.3
3 36.7 - +1.8
4 27.1 +0.8
5 1.5 -1.2
6 40,0 +1.5
It | 21.5 +0.5
8 7.8 -1.5
9 1.1 -1.9
.10 31.3 +2.0.
11 A41.5 +0.8
12 27.6 +1.0
13 15.6 0
14 0.5 ~1.8
Visicorder Calibration Resistances:

Bending (groove) 290 ko at 49.8 divisions
Torque 304 kO at U45.0 divisions
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begins at the origin, the siope of each curve completely
defines the function. These slopes have been given cali-

. bration coefficient desighations and appear in Table 16.

The two footnotes of the table are explained in Appendix E.

Table 16. The Calibration Coefficients for FEach Research

Machine ' _

Machine Xpar Eor-TH Xp Y8 Kg/7
1 0.967  0.0203 0.882  0.0548 0.0298

2 0.902 0.0198 0.840 0.0343 0.0410

3 0.972 0.0215 0.9L4* 0.0000  -0.0170%*

* After June 1, 1969 Kp = 0.842 because of gage replace-
- ment

*¥%¥ After June 1, 1969 K

B/T = " 0.0238 because of gage
replacement ' |

Now, it is necessary to combine the célibration
results into an orderly method of determining the true
shear and bending stresses in ﬁhe specimen groove given a
Visicorder output,_or vice versa. Actually, the calibra-
tion procedure requirés that the calibration method be run
-in both directions. First, in any tgst run, the desired
stress ratio and bendiﬁg stress level are seiectéd: .From
these, the»s@ear stress level can be calculated and,
although the use of the calibration coefficients,'the num-
 ber of divisions of bending and torque on the Visicorder

can be determined given the machine to be'used, the
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célibration resistance, and the calibration divisions.
Next, the test 1s run and a Visicorder record taken. The
- record is then redﬁced. The four experimental parameters,
"bending divisions, torque divisions, bending calibration
divisions, and_torqué calibration divisions, aré measured.
Using the calibration procedure in reverse direction, the
actuai bending stress, shear stress, and stress ratio are
determined. When an entire stress level is run, some
statistical comments can be made concerning the stress
levels and stress ratios achieved. This is discussed in
Section 4-A. »

' The calibration procedure will now be.described in
~ detail with the aid of the Calibration Flow Chart of
Figure 2. Steps 1 and 2 on the flow chart require a selec-
tion of a stress ratio and a bending stress level. The
true shear stress in the specimen groove to give this
ratio is found in Step 3 from the relationship |

o
trueGR

T —_—
trueGR TS \]—3—

where o is the true bending stress in the groove,
ruenn ‘
and Ty is the desired stress ratio. Next, in Step 4, the

true bendingvstress in the groove is converted to output

stress in the groove using K and then K the -

BGR GR-TH’
relationship between output bending stress in the groove,
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is employed. On the torque side, Step 5 gives the equa-
tion for converting shear stress in the groove to shear
stress in the toolholder. This is a purely geometfic rela-
'tionship employing no calibration parameters. However, on
the bending side an émpirical relationship was necessary
becauée the bending moment along the toolholder shaft is
not constant. For torque, it is a safe assumption that
the torque applied along the toolholder shaft is constant
The static stress concentration factor is shear, Kts’ is
included in this term. A published value of K. 1.22
[23],,is used here. AlSo, in Step 5, the true sheaf
stress in the toolholder is converted to output stress.
Steps 6 and 7 are the corrections for interaction. The
shear stress value is used to correct bending stress and
vice versa. The calibration coefficients are KT/B and
KB/Tf Steps 8 and 9 convert the corrected output stresses
to Visicorder divisions, completing the procedure. |

Table 17 contains the stress levels and Visicorder
divisions for ry = 3vandAMachine-#l using the procedure

just described.
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Table 17. Stress Levels and Visicorder Divisions for
r, = 3 and Machine #1 -
Aiﬁer— Calibra- - Calibra-
nating Bending tion Mean Shear tion
Bending Divi- Div/Résis- Shear Divi- Div/Resis-
Stress sions tance Stress. sions tance
psi div. div/kQ psi div. div/kQ
154,800 43.5 50/125 29,800  19.4 hs5/304
121,800 34.2 50/125 23,400 15.3 45/304
© 104,350 4h.5 50/190 20,080 13.1 45/304
86,800  37.0 50/190 16,700  10.9 45/304
77,700  33.2 50/190 14,950 9.8  45/304




CHAPTER 4
RESEARCH DATA REDUCTION

A. Conversion of Visicorder Ouﬁpﬁﬁé
to Stress levels

Once the Visicorder divisions for bending and
torque are determined according to the methods éf Section
3;ﬁ;ﬂ£héwfééf runs aféhm'ade° A Visicorder record is made
éﬁd kept for‘each specimen. When a stress level is com-
plete, the shear and bending divisions, and the shear and
“béhﬁing calibration divisions, are measured on each -
Visicorder record. These four values, along with the test
number, specimen number, the calibration resistances, the
pan Weight and the machine number, are punched on IBM-
cards for computer analysis. A computer program in
Fortran IV‘has_been'prepared’which gives the actual shear
stress, bending stress and stress ratio for each.run, as
shown on the followilng pages. It also determines the mean
and standard deviation of the shear and bending stresses
and the stress ratio for each bending stress level assum-
ing a normal distribution for these data.

The program contains a number of "IF" statements

which select the proper machine number and mode for a

109
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data card. The mode is determined:by the data on ﬁhich
the specimen was run.. |

MODE 1: For 26 July 1966 to 10 Auguét 1967

MODE 2: For 11 August 1967 to‘June 1969

MODE 3: For 1 June 1969 to next gage failure
A new mode is initiated whenever a strain gage on any
machine fails, necessitating recalibration. Thus, the com-
puter program differentiates between past and present
machine configurations. The program is set up so fhat a
new configuration can be integrated into the data reduc-
tion by adding three "TF" étatemenfs and listing the new
calibration parameters. In addition, the program can
accommodate the stress ratio infinity as well as all
finite ratios.

B. Reduction of Endurance Strength Data
for r, = and rs = 0.90

For stress ratios of infinity and 0.90, the incre-
ment used in the stéircase method [24, pp. 14-17] was one
pound pan weight on.the short arm. Therefore, the results
of the sfaircase method, the mean and standard deviation
of the bendihg stress for endurance, 1is in terms of pan
welght. It is now necessary to convert pan weight to true
stress.

Just like the finite times-to~failure runs,
Visicorder records were made for the endurance limit rTuns .

The Visicorder records were measured, the data placed on
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GZ TF 50
20 CBGR=.967
CGRTH =.0203
CT==,882
CTB=.0548
CRT=.0298
cd TY 50
30 CBGR=.902
"~ CGRTH =.0198
CT=.840
CTH=.0343
CRT=.0410
Gd TG 50
4O CBGR=.972
"~ " CGRTH=.0215
CT=.944
CTB=.0
CRT=-.01698
50 IF(ENVIST.EQ.0.0) Gf T@ 160
G4 TF 51
o CALCULAgxﬁN g BENDING STRESS LEVEL FZR INFINITY
RATT
360smmﬂ4Emmﬁﬁwmmmmﬂ/QNMLWEMﬁm%MMUQ
STRGR Ig SPUTH / (CGRTH * CBGR)
TAUGR(I) = 0.0
PRINT 71.NJTEST, NOSPEC,MACHNG, NPANWT, RCALB, ENCALB,
- ENVISB,RCAILT,
lENCALT ENVIST,STRGR(I),TAUGR(I)
71 FﬁRMAT(4X 13,6%,13,8%,I1,8%, 12, F14.1,F10. 2,F11.2,
Fl2.1, F9 2, F10. 2,
C1Fl11.1, F1l. 2X GHINFIN. /)

e7) Tﬁ 120
C CAILCULATI@N ZF BENDING STRESS, SHEAR STRESS AND
STRESS RATIZ FOR
o} ALL FINITE RATI@S
51 SOUTHP= ENVISB*E*RGAGEBg/ ENCAIB¥*ENA*GR*RCALB
TAUTHP=( ENVIST*EX¥RGAGET )/ ( ENCALT*ENA¥GT*RCALT)

SPUTH=SPUTHP-CTB* TAUTHP
TAUTHzTAUTHP—CBT*SﬁUTH
STRGR(I SPUTH / (CGRTH * CBGR)
TAUGR( T )=CT* TAUTH/.0157)
R(I) = STRGR(I) / (TAUGR(I) * 1.7321
PRINT 70, NZTEST, NFSPEC, MACHNY, NPANWT, RCALB, ENCALB,
ENVISB, RCALT,
1ENCALT, ENVIST, STRGRéI) , TAUGR(I),R(I)
70 FﬁRMAT(AX I3,6%,I3 X, 11, 8X, 12 F14.1,710.2,F11,2,
- F12.1,F9.2,F10. :
1F11.1,F11.1,F8. 3/)
120 CONTINUE »
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161

90

60

112

CALCUIATIZN @F MEAN AND STANDARD DEVIATI%N’ﬁF
BENDING STRESS, SHEAR

STRESS, AND STRESS RATIZ

CALL MEAN (STRGR, CARDS,NCARDS, XMEAN, DEV)

PRINT 3

FZRMAT (1HO)

PRINT 130, XMEAN, DEV

F@ZRMAT (19X 31HMEAN BENDING STRESS IN GROPGVE =
¥10.1,5H PSI.//11X,

139HSTD. DEV. §F BENDING STRESS IN GREGVE =,F10.2,

5H PSI./)
IF(ENVIST.EQ.0.0) GJ TY 200
CALL MEAN (TAUGR, CARDS, NCARDS, XMEAN, DEV)
PRINT 3
PRINT 140, XMEAN, DEV :
FZRMAT (20X 30HMEAN T@RQUE STRESS IN GRAPVE =,F10.1,
5H PSI.//12X,

138HSTD. DEV. @F THRQUE STRESS IN GROZVE =,Fl0.2,5H

PSI./) .

CALL MEAN ( R, CARDS,NCARDS, XMEAN, DEV)

DIMENSTION STRGR(SO) TAUGR(50), R(50)

NCZUNT = O '

READ IN THE NUMBER OF STRESS LEVELS IN RUN

READ 161, N@STLV

FZRMAT (I5)

PRINT 9O

FRMAT(1HL//)

NCAUNT = NCYUNT + 1

PRINT 60

FURMAT F@R QUTPUT HEADINGS

FZRMAT (3X,AHTEST,3X,BHSPECIMEN,3X, THMACHINE 5%,
3HPAN,7X, AHRCAL X

1,4 HNCAL, 7X, 4HNVIS 6X 4HRCATL, 6X AHNCAL 6X 4HNVIS 5%,
THBENDING,4X,

25HSHEAR, UX, 6HSTRESS/4X 3HNY. ,6X,3HNS. ,7X,3HND. ,5X,
6HWEIGHT 4x,

3THBENDING, 4X THBENDING LX, THBENDING,4X, 6HT¢RQUE
L4x, 6HT¢RQUE Lx,

L6HTERAUE, 5K, 6GHSTRESS , 4X, 6HSTRESS, 4X, SHRATIZ//) :

READ IN THE NUMBER ﬁF CARDS IN THE STRESS LEVEL AND
THE M@DE

ZF ZPERATIZN @F THE MACHINE

READ 100, NCARDS,M@DE

100 F@RMAT(2I5)

D@ 120 I = 1, NCARDS

READ IN THE TEST Ng., SPECIMEN Ng., MACHINE NZ.,

' PANWEIGHT, AND THE

CALIBRATIZN RESISTANCE, VISICZRDER CALIBRATIZN
DISTANCE AND VISIC@RDER
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gUTPUT DIVISIﬁNS FZR BENDING AND TYRQUE
80 READ 10, N@TEST, NOSPEC,MACHNY , NPANWT, RCALB, ENCALB,
ENVISB RCALT,
1ENCALT, ENVIST
10 FPRMAT (415,6F10.2)
CARDS = NCARDS
DEFINE THE ELASTIC M@DULUS, Nﬁ JF ACTIVE ARMS gF
THE BRIDGES, THE
RESISTANCES ﬁF THE BENDING AND T@RQUE GAUGES, AND
THE BENDING AND
TORQUE GAUGE FACTZRS
E=30000000.
. ENA=L,
RGAGEB=190.
RGAGET=120.
GB=3.23 .
- QT=2.06 ‘ -
SELECTIZN ¢F MACHINE AND MZDE

IF(MACHNZ.EQ.1.AND.MZDE.EQ.1) GF T¢ 21
IF(MACHNG.EQ.2.AND.MZDE.EQ.1 GF TY 31
IF(MACHNG.EQ.1.AND.MJDE.EQ.3 Gf TE 20
IF(MACHNG.EQ.2.AND.M@DE. EQ.3 6g T3 30
IF(MACHNG.EQ.3.AND.MZDE. EQ.3 GZ TP 32
IF(MACHNZ.EQ.1.AND.MZDE.EQ.2) G& TZ 20
IF(MACHNG.EQ.2.AND. MZDE. EQ. 2 Gg TY 30
IF(MACHNG.EQ.3.AND.MZDE.EQ.2 68 T3 4o

CALIBRATION PARAMETERS FZR GIVEN M@DE AND MACHINE
31 CBGR=.902
CGRTH=.0198
ed T8 50
21 CBGR=.972
" CGRTH=.0203
68 T 50
32 CBGR=.972
CGRTH=.0215
CT=.842
CTB=0.0
CBT=-.0238
PRINT 3
PRINT 150, XMEAN,DEV

150  F@RMAT (31X 19HMEAN STRESS RATIf =,F10.5//18X,

32HSTD. DEV. ZF MEAN
1 STRESS RATIZ =,F10.5)
200 IF (NC@UNT.LT. NﬁSTLV) Gﬁ T@ 170
ST@P
END
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computer cards, and a computer runAmade, just as described
in Section 3-A. Only the points which were used in thev
stairease method (Successés or failures) were used. The
output contains the bending stress levels, torque stress
levels (rS = 0,90 only) and the stress ratios (rS = 0.90
only). Also the mean and standard deviation of the data
set as a whole is outputted:; hoWever, these are meaning-
less for endurance runs, hence are discarded. Howéver,
the stress ratio is needed.

For a given pan weight, all the bending stresses
for that pan weight were averaged. This Was done for
each pan‘weight° The result was the mean true bending
stress for each pan weight.

Next, the true bending stress in the groove was
plotted against pan weight for both ry = in Figure 30,

cand r, = 0.90 in Figure 31. Straight lines were then

s
fitted to the points. Since the mean,'ge, and standard
deviation, Ogq > of the endurance strength were determined
in terms of pzn weight by the staircase method [24, pp.
14-17], Figures 30 and 31 made it possible tb relate pan

weight to true stress. The results are as follows:

or r_ =
F S o

s
e

25.5 1bs = 61,500 psi

It

)

1.34 1bs

i

O'S 3:500 psj—,
e
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For r, = 0.90

0|
i

26.0 1bs - 61,000 psi

It

Og 2.25 1bs = 3,000 psi
e

The mean and standard deviation of the stress
ratio for ry = 0.90 from the data reduction computer pro-
gram, given in Appendix B, though printed out, ére not
intended for any use. The program is devised for finite
life déta; hence, it automatically calculates these and
prints them out.

C. Generation of S-N Diagfaﬁs Usiﬁg

Distributional Stress ILevels and
Mean Cycleg-to~Failure

The reducéd data of Appendices A and B provide the
mean and standard deviation of each stress level. With
these distributional parameters and the corresponding mean
‘cycles-to-failure data [28, pp. 52-54] it was possible to
cOnstfuct S-N cur&es for r, =, and r, = 0.70, with the
30 limits of the distribution of the actuall& applied bend-
ing stresses also given, assuming the stresses applied are
normally distributed.

The S-N curve for r, = = appears in Figure 32, and

for r, = 0.70 in Figure 33.
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Mean, rg = 0.70
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stress distributions ]
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33.--Applied Bending Stress Distribution for a Stress Ratio

of 0.70 and Endurance Strength for a Stress Ratio of 0.90
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D. Generation of Theoretical S-N Diagfam

It would be interesting to compare the S-Nldiagram
results generated in this research with a theoreticai S-N
diagram constructed according to the procedure .recommended
by Shigley [25, p. 162].

The fatigue strength of specimens, Se, ét 103,

cycles E.O.9SU'

SU = 178 ksi, for unnotched specimens
S = 0.9 x 178
©103 -
Se = 160 ksi
103

The endurance strength is‘given by

Sg = Kk kyk koSt (+)

For specimens used in this research,

k_ = surface finish factor = 0.89 for ground finish

a
[25, p. 167]

k, = size factor = 0.85 for D = 2.0 in. bending
[25, p. 186] |

kd = temperature factor = 1, no temperature effect

ke = stress concentration design factor = fi-[25, p. 170]

k. =1+1 (K, - 1) [25, p. 170] |

g =0.92 [25, p. 171]

K, = 1.45 [26, p. 49]
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1+ 0.92 [1.45 -~ 1]

Kp =

Ko = 1f41

Kk =-L _ = 0.709
e 1.071 °

I
I

miscellaneous effects factor = 1

Se'= theoretical endurance strength = 0.5 §j [25, p. 162]

S, = 178 ksi

U
Therefore,
Sg' = 0.5 x 178 = 89 ksi

Using Equation (4)

5, = (0.89)(0.85)(1.0)(0.709)(1.0)(89) = 47.7 ksi

With S_ and S thus . determined, an S-~-N diagram was
e €103
plotted and i$ given in Figure 34.

E. Comparison of Theoretical and
Experimental S-N Curves

In Figure 34, the theoretical and experimental S-N
curves for r, = ®, and the experimental S-N for ry = 0.70,
are given. It can be seen that the theoretical curve is
about 11% lower than the experimentally determined curve
in the finite life region and the endurance strength is
about 22.5% less. This indicates that the conventional
épproach for constructing a theoretical S—N‘curvé is fairly
pessimistic, at least for the operating conditions of this

research. There is no theoretical basis for
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S = 0,90 3, relationship. It is an accepted
€103 U : A
designer's thumb rule. A more accurate multiplier to
determine the Se 3 for the steel researched here would be
10

1.00 instead of 0.90, using the unnotched ultimate strength.
A more accurate,multiplier to determiﬁe Se' would be 0.65.

From Figure 34, it can be seen that the fatigue
strength decreases as torque is added to the specimen.
Also, the ry = and ry = 0.70 lines diverge as cycles life
increases. ALl of these are as expected. |

The small standard deviations of the bending stress
distributions and the stress ratio distributions at the
various levels shown in Figufes 32 and 33 indicate that a
given stress level and stress ratio can be maintainéd by
the fatigue reliability research machines falrly precisely.
The coefficient of variation, the ratio of the standard
deviation to thé mean expressed as a percentage,.does'not
exceed 2.7% for the bending stress level of ry = m.A This
is shown in Figure 32. For r, = 0.70 in Figure 33, the
coefficient of variation for the bending stress level 1s
at most 5.6%, and the coefficient of variatioﬁ for the
stress ratio is at most 6%.

| A Goodman diagram of endurance strengths for Ty

= @, T, = 0.90, and r, = O is given in Figure 35 which

combines the fatigue and static strength results into the-
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most useful design information for combined-stress design
situations. This diagram is made possible by the data

generated by this research.



CHAPTER 5

STRESS CONCENTRATION AND NOTCH
SENSITIVITY EFFECTS

A. Stress Conéehtratioﬂ

The best published value of %he static stress con-
centration factor for the notched specimens used in this.
research is 1.45 [26]. 1In Section 3-B-2a, an attempt was
made to isolate the effective static stress concentration

factor from K The resulting value was 1.28. Since

BGR®
the experimental value was arrived at by an averaging
technique rather than by a rigid procedure of measuremenf,
" there is room for error in this result. ILikewise, the
published values 1éave much to be desired siﬁce they do
not take into-account the test conditions. It Was.felt
that the experimental value was a definite improvement
over the theoretical value and was used in the calibration
procedure to determine the bending stress in the groove.
The accuracy of the result could be improved upon bj out-
fitting more specimens with strain gages and repeating the

calibration. The same reduction technigue would be used

but more data points would be had to average, thus
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increasing the accuracy of determining the effective static
stress concentration factor. |

For the tofque strain gage bridge, a published
value of the static stress concentration was used. There
is an error involved in this also, as the exact stfess con-
centration factor in shear is not known at this time. It
is believed that any corrections would not be in excess of
- 5 percent. Nevertheless, further investigations should be
initiated to obtain a better. value for the static Stresé

concentration factor in torsion.

B. Notch'Sensitivity'Survéj ,

In fatigue tests, the reduction in fatigue strength '
is found to be less than that predicted by the stafic
stress concentration factor, Kt [27, p. 249]. The ratio
of the nominal fatigue strengthiof an unnotched specimen
+to that of a notched specimen is defined as the fafigue
stress-concentration factor, Kf. Kf has also been called

strength reduction factor, the fatigue notch factor, and

the effective stress concentration factor. - Therefore, K

f
can be experimentally determined by forming the ratio
[25, p. 170] , _ _ L |
K. = endurance limit of notch-free speéimens (5)
T endurance 1limit of notched specimens ’

The reduction in fatigue strength is explained by

the fact that the theoretical peak stress Ktsn is lowered
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to KfSn by plastic flow, where Sn is the nominal stress in
the corresponding unnotched specimen [28, p. 128]..

It is also useful to define the notch sensitivity

factor as [25, p. 170]

If g = O, then there 1s no sensitivity for the
notch; while if g is unity, Kf = K%, and there would be no
observed reduction in the fatigue strength of notched
specimens. This would be the case for perfectly elastic
materiais [25, p. 244] .- |

The notch sensitivity is a very useful bﬁt also
elusive parameter. As the notch radius increases, g tends
toward unity as shown in Figures 36, 37, 38, 40, and 41.

q also ﬁends to unity for finegrained, relatively homogene-
oué materials [25, p. 172] as shown in Figure 39. Notch
sénsitivity is also a function of the size of the part.

K% may be higher for large parts than for small parts
[27, p. 251]. Steel generally has a higher g than lower
grades of iron [25; . 172]. This can be explained:by the
relative grain sizes. At low cycle life, fatigue strength
in notched specimens can be a 1little higher than notch-
free specimens [26, p. 246]. Finally, g may also be a
function of the stress amplitude [26, p. 246]. Peterson
'[23], a widely used reference on notch Sensitivity; does

not take this into account.
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Steel Specimens
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d;.vabbosed Not¢h Séﬁsifiﬁify
Determination

Unlike the value of the static stress concentra-
tion factor, the notch sensitivity of the test specimen‘is
critical. The calibfation method which was used to deter-
mine the stress concentratioh does not incorporate notch
sensitivity because 1t was a static test.

In the calibration procedure, the notch sensitiv-
ity effect was not included. Thé reasons for this are:

1. An experimental notech sensitivity determina-

tion has not as yet been carried out,.and

2. The published data of Section 3-B indicate

that the notch sensitivity effect will be -
very small, perhaps 2 or 3 percent; Such
minor adjustments to the stfess levels can be
made at»a later date if deemed appropriate.

Dﬁe to the irregularities and apparent contfadic-
tions in the notch sensitivity, the most aécurate method
of determining the appropriate value of g for the SAE 4340
notched steel épeqimens 6f this research is to do if
experimentally. Then shape, size, and material errors
would be eliminated. Kf, and consequently, g, can be
determined expérimentally by EQﬁation (5),'

It is proposed that gnnotched specimens similar to
those used in the r = 0 studies for this reséaroh be

S ‘ .
prepared. The number needed would be approximately 38',
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This is the amount needed with the staircase methodAof
endurance strength distribution determination. ' Only the
unnotched specimen need be run since notch endurance‘
strength for ry = has already been generated. The pro-
posed test would give an accurate value for the notch

sensitivity of these specimens.



CHAPTER 6
CONCLUSIONS

1. Thé fatigue machines are extremely difficult
to calibrate dynamically. VAttémpts were made over a periéd
of one year to obtain valid dynamic calibrations but were
abaﬁdonéd because of large inconSisténcies in the results.
Finally, the static calibration procedure reported here
was embarked upon and was successfully completed. Since
all calibrations except one are gage calibrations, there
is no error introduced by not calibraﬁing dynamically,
The determination of exact specimen groove stress from the
toolholder gage bridge output does, however,_require
dynamic calibration so that the true'fatigue stress concen-
tration factor in bending'can be:determined, -The deter—
mination of this factor requires extensive research and
the minor improvements achieved may or may not be of the
desired-quality in view of -the difficultiés involved.

2. The calibration procedure is set up so fhat if
a gage failure occurs, the fatigue machine may be recali-

brated and put back into opefation in three days.
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3. Machine #1 has the following calibration equa-

tions:
N -NGR
cal a’ cal ,
N. = [(0.967)(0.0203)0 +(0.0548) ¢ ]
VlSB E Rgage | ' trueGR outTH
N__.N_GR
cal'acal ;(0.0157)
N. = [ T +(0.0298)g ]
Visn E Rgage - (0.862) truenp OUT gy
I, Machine #2 has the following calibration equa-
tions:
N N_GR :
cala " “cal
g =T [(0.902)(0.0198)0 +(0.0343)¢ ]
v1sB b Rgage trueGR _ outTH
N N _GR_ '
cal a’‘cal 40.01573
N . = [ - +(0.0410)0 ]
vismq E Rgage (0.340 truesp OUbmyy
5. Machine‘#S has the following calibration equa-
tions:
N _-.N_GR o ‘
cala"'cal
N. = [(0.972)(0.0215)0 ]
: VlSB E Rgage trueGR
N _.N.GR . » '
cal a " cal 49.01573
N . = [ T +(-0.0238)¢ ]
vism B Rgage- (0.042 true.p OUT

Note that there 1s nd torque interaction into the bending
channel for Machine_#B, and that the bending interaction
into the torque channel is negative. |

6. The axial stress in the specimen Was found to

be negligible.



139

7. The effective static stress.concentration fac-
tor of the specimen groove in bending was. determined to be
1.28.

| 8: Thé data reduction shows that the machines
were very successful in maintaining and reproducing the‘
torque -and bending loads. With other pést machineé, dif-
ficulty has been experienced in maintaining constant bend-
ing and torque loads.’

9. From Figures 32 and 33 and Appendices A and B,
it may be seen that the fatigue reliability research
maéhinéémméintained the desiredlbending stress levels with
a coefficient of variation of less than 2.7% for r, =
and less than 5.6% for r, = 0.70.

10. From Figure 33 and Appendix B, it may be seen
that thé coefficient of variatidn did not exceed 8% and

for the most part was less than 6% for the stress ratio.



CHAPTER 7
RECOMMENDATTONS

1. Calibrations, test runs, and data>reduction
would be greatly expedited if the amplification system were
improved upon. Pfesently, amplifier drift must be care-
fully taken into account on each run;.consequently, a’
relatively drift-free amplifying and recording system,
with a very short warm-up time, should be obtained.

_ 2. A pan weight versus true stress in the groove
calibration should be conducted. Although, iike the deter-

mination of K this relationship would not be an

BTH’
integral part of the calibration procedure, it has a wide
variety of uses during daily operation of the fatigue
" machines, e.g., in determining the pan weight directly
from the required bending and'éhear stresses. |

3. The notch sensitivity determination proposal
for bending should be undertaken, - thus insﬁring'that this
dynamic phenomenon has been accounted for in the calibra-
_ tion procedure. |
L. Now that experience has been gaihed in running

the machines, the staircase method for determining the

endurance strengths can be improved. Increments of bending
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stress rather than increments of pan weight should be used
because they are more reproducible. |

5. An additional test specimen With bending
gages mounted in the groove should be prepared. Then the
stdtic stress concentration factor detérmination experi-
ment can be rerun and averaged in with the previous work
in order to increase the accuracy of Kt'

6. Research with these machines should be con-
tinued and expanded to include other stress ratios, notch

geometries, and materials.



APPENDIX A

DATA REDUCTION RESULTS

FOR Ty =
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b n

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

:

0

-0

-0.

153745.1 PST.
1546.74 PSI.

TORQUE

.00

-0.
-0.
-0.
~-0.
-0,
-0.
-0.
-0,
-0.
.00

00
00
00
Q0
00

00

00
00

00

BENDING
STRESS

153581,
154493,
151318.
153155,
155571,
155112,
154943,
154662,
155279.
153216.
150844,
152763,

OCOOO0OO0OOO0O0OOOO SHEAR
coocoocoooooooo STRESS

SO OOV OO

STRESS
RATIO

INFIN.
INFIN.

INFIN.

INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.

et



o
=
S B . o
= g = E =
H - =
B (@] i (O] HA ]
2 Ec 2 28 S& S
& w2 8 s RBA =
29 63 1 20 290000.0 32
30 22 1 20 290000.0 33
31 109 1 20 290000.0 32
32 82 1 20 190000.0 50
33 42 1 20 190000.0 50
34 59 1 20 190000.0 50
35 52 1 20 190000.0 49,
36 76 1 20 190000.0 50
37 64 1 20 190000.0 50
38 111 1 20 190000.0 . 50
39 20 1 20 190000.0 50
Lo 73 1 20 190000.0 L49.
41 69 1 20 190000.0 49
43 86 1 20 190000.0 49
4L 96 1 20 190000.0 48,
45 80 1 20 190000.0 49,
L6 101 1 20 190000.0 49,
: 1 20 190000.0 49,

MEAN BENDING STRESS
STD. DEV. OF BENDING STRESS

ohy = BENDING
(@] O .
NVIS

)
@]
Ul
N

.20 51,

O FE=EPOVWW\Y =W~ Wuiu
(CHORORONORONORORONORONONORS)
Ul
no
O
O

IN GROOVE

IN GROOVE

U1
(@)
U OVE O 0 O O OVIT 0o == =1 o  BENDING

i

5 B
Hg - &
<& <
OO OO
A5 B ==
~0.0 -0.00
-0.0 -0.00
-0.0 -0.00
~0.0 -0.00
~0.0 =-0.00
~0.0 -0.00
-0.0 -0.00
-0.0 =0.00
~0.0 ~-0.00
-0.0 -0.00
-0.0 =-0.00
~0.0 -0.00
~0.0 =0.00
-0.0 -0.00
~0.0 -0.00
~0.0 -0.00
~0.0 "=0.00
~0.0 -0.00

121519.6 PST.

oL8.34

PSI.

Mmwm.

'BENDING
TRESS

121360.
120990,
120453,
120491,
122105.
- 122804,
121258,
- 119535.
120719,
12141k,
121414,
120979,
121497,
122691,
121769.
123179.
121966,
122721.

~NNUTHF=OUT O =~ N CO\O CoWw Ut O

0000000000000 SHEAR

STRESS

loXoXeXoXeReXoRoReXoReRoRoXoReXoXo ke

T



23
2l
25
26

27

v SPECIMEN

oy NO.

62

O

&=

=R 2

H 0 =)

] &)} :—”lg ]
v a2aH4 <4 <q
S nE RBA =
1 15 290000.0 39
2 16 290000.0 41
1 15 290000.0 38
2 16 -290000.0 40,
1 15 290000.0 38,
2 16 290000.0 L40.
1 15 290000.0 38.
2 16 290000.0 40.
1 15 290000.0 38.
2 16 290000.0 39.
1 15 290000.0 39,
2 16 290000.0 Lo,
1 15 290000.0 37.
2 .16 290000.0 L40.
1 15 290000.0 38,
2 16 290000.0 39.
1 15 290000.0 38,
2 16 290000.0 39,

MEAN BENDING STRESS

STD. DREV. OF BENDING STRESS

N = BENDING
OO O :

NVIS
BENDING

o1
0
O WO
OO0 O

51.00

VO OOWNNY O EFONO
ololoNolojoRoeoNoloNoNoloNORS:
U&= 01Ul Ul UTUTU1\U1
! = O N OO
VU W =0 o ouiul O
OO0 OOOOOOLOOOOO

IN GROOVE
IN GROOVE

104346.3 PSI.
2801.30 PSI.

1

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

ENDING
TRESS

B
S

99799.
103212.

102934,
108605.
10293,
107541,
101394.
106476,
101394,
106151.
100986.
105741,
102730.
107115,
104896,
107016.
101279.
108024,

OO0 OO0OO0OO0OCOCOOOOOCOOO0O SHEAR
000 0000000000000 STRESS

OWO0N OHUIWOOWVWOVONOOONOOO

STRESS
RATIO

INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.

ShT



TEST NO.

139
140
142
143

145

146
o147
148
150
151
152
153
154
155

"~ 156

157
160

163

SPECIMEN

WEIGHT
RCAL
BENDING

DO MDD DYDD DD MACHINE NO.

OO OTOVOYNONOYONOYONOYNONOYOYONOY  PAN

- MEAN BENDING

STD. DEV. OF BENDING

190000,
1190000,
190000,
190000,
150000.
190000.
190000.
190000.
190000,
190000,
190000
190000,
190000.
190000,
190000,
190000,
150000.
190000.

HeloJoNoJoJoleloloXoYoYoloNoXoYoNoXe!
I=
\O
Ne}
o
o
\O
N
O

STRESS IN GROOVE
STRESS IN GROOVE

& B ]
) ) o)
- 2 B8
EH =] =
.0 -0.00 =0
.0 -0.00 -0
.0 =0.00 -0
.0 -0.00 -0
0 -0.00 -0
0 -0.00 -0
0 -0.00 -0
0 -0.00 -0
0 -0.00 =0
0 -0.00 =0
0 -0.00 =0
0O -0.00 -0
0 -0.00 -0
0O -0.00 -0
0 -0.00 -0
0O --0.00 -0
0 -0.00 -0
.0 -0.00 -0
77873.8 PSI.
1905.81 PST.

.00
.00
.00
.00

.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
.00
.00

ENDING
TRESS

B
S

78636.
78733
75625,
TOT54.
76694,
79218,
78219.
77333.
79846.
77122,
77709.
79727,
80966,
78478,
TTTUT .
79525.
72L92,
76808.

OHFHCCONMDUTO O &R PDUtonOvH O\

OO0 OOOC OO SHEAR
OO0 000000000 OO0 000 STRESS

STRESS
RATIO

INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.

o9t



- TEST NO.

6l

101
102
110
117
122
141
149
158
161
169
175

186

190:

195

SPECIMEN

NO.

~ =
=

o
O
(\ONAV]

124
216
205
199
209
177
168

190.

207
142
208

DO ERRERRREDRED MACHINE NO.

CAL
ENDING

jaagyan

290000,
190000,
4190000,
390000,
190000.
190000,
190000.
190000,
190000.
190000.
190000.
190000.
150000,
190000.
190000.
190000,

loYoXolololoXoloRo oo lolo oo Xe)

NCAL

=

\O
=HO DO O OO COONO == BE ING
loNeoXe OO OO OOCOO o O

= 2201 4 U
O\O OOV WOWWOW

@)
O

-
O

O
O

NVIS
BENDING

=W
~ OOV
NOUTWO NOUT Qo 4=
[eXeReRoRoRers)

PPN NN NN
OUTLUTUT == =0 v U1
O
O

OO0V OOOOOODODOLOOO

~0.00

-0.00
~-0.00
-0.00
-0.00
-0.00
~-0.00
-0.00
-0.00
-0.00
-0.00
-0.00
. =0.00
~-0.00

-0.00

ENDURANCE

BENDING
STRESS

64489,
39990.
L9898,
54556.
61202,
6lUL6s,
61911.
52907,
57662.

57521,

57890.

60965,

66046,
65914 .
69826,

63319.

~N NOONO O =N =00~

SHEAR

STRESS

0O 0000000000000
O 000000000000 OOO

STRESS
RATTIO

INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFTIN.
INFIN.
INFIN.
INFIN.
INFIN.
INFIN.

INFIN.

LHT



APPENDIX B

DATA REDUCTION RESUILTS

FOR ry = 0.7 AND ry = 0.9

148



SPECIMEN
NO.

w
O

_ Ol

HHRRHRERRRR R MACHINE NO.

— PAN

9
21

21
22
21
20
21
21
22
21
21
21

WEIGHT

CAL
ENDING

A M

190000,
190000.
190000 .
190000.
190000,
190000,
190000,
190000.
190000,
190000.
190000,
190000.

NCAL

DWW N FHUIO = =W i BENDING
Ul U O OU1 OoOUIu1L O
=
\O

lozoNoNoNolCoHoNONONOR S
Ul
O

no
OUT\U1
ISR
QOO \O

.Bo 48.

MEAN BENDING STRESS IN GROOVE
. DEV. OF BENDING STRESS IN GROOVE

BENDING

CAL
ORQUE

x B

200000,
200000.
200000,
200000,
200000,
200000,
200000,
200000.
200000.
200000,
200000,
200000,

loleolojololololoNoRoJoRe

MEAN TORQUE STRESS IN GROOVE

MEAN STRESS RATIO
STD. DEV. OF MEAN STRESS RATIO

. DEV. OF TORQUE STRESS IN GROOVE

o

I

110775.

ENDING
TRESS

M«

.50 108353,
.30 112014,
.55 112460,
.30 111900.
.90 110286,
.30 109198,
.60 111736.
.50 109521.
.00 112193,
.55 110801.
.50 109606,
.75 111234,

6 PST.

1358.99 PSI.

88667.7
2483 .41

.72187
.02275

PST.
PST.

WEHRFRFOOANWITOW OO .

HEAR
TRESS

84677,
8olilily
- 87595.
86833.
85898,
89743,
87755.
92571.
88149.
90267,
92995.
88078.

V1V RO OYCOUT~UTU1~J OWO

STRESS
RATIO

739

LU
LThL
LTHL
032
.683
735
. 709
.680
729

Syran



TEST NO.

206
208
230
232
233
235
236
237
238
239
240
oL]
403
405
Lo6
Lot
408

SPECIMEN

NO.

w
=
N

= W W D DWW WWwWWwWww MACHINE NO.

CATL
ENDING

oM

MEAN BENDING STRESS IN GROOVE
. DEV. OF BENDING STRESS IN GROOVE

190000.
15 190000.
15 190000.
15 190000.
15 190000,
15 190000.
15 190000.
15 190000.
15 190000.
15 190000.
15 190000.
15 190000.
15 190000.
16 190000.
16 190000.
16 190000.
16 190000.
16 190000.

ojojoleojololoRololololoRoNoNeoNoloNe

S5 BENDING
(@] (@] .

o
O

SEEE NvIs

4 BENDING
o =0

~O WO\ O\ - =Ul
OQOUIOOOOOOOO

~J
O

(O)
=

.00

no
O

N
Ut

CAL
ORQUE

=gy =

304000,
304000,
304000,
304000.
304000,
304000,
304000.
304000,
304000.
304000,
304000,
304000.
304000.
250000.
250000,
250000.
250000.
250000,

clololoNoNoNoXoNoNoRolooRoNoRoYoNo Nl

MEAN TORQUE STRESS IN GROOVE

. DEV. OF TORQUE STRESS IN GROOVE

MEAN STRESS RATIO
STD. DEV. OF MEAN STRESS RATIO

NCAL

I~
Ul

I TR I |

TORQUE

.00 L2
.00 42,14
.00 43,10
.30 43.33 1
.10 42.30 1
.10 43.40
.08 41.60
.88 42,10
.00 46,50 1
8L 42,96 1.
.00 38.80
.80 41.20
.80 40.30
.90 36.20
.60 37.50
.00 37.90
.80 39.00
.90 37.80

97735.0 PSI.
5464 ,49 PSI.
80527.0 PSI.
4082.99 PsT.

. 70266
.05601

OO O NDWUTWUT~ VWO W O\

SHEAR
STRESS

83775.

84sl3.
850lL2,
83499.
85221.
81799.
83167.
75428,
69713.
76500.
81415,
79694 .
75887 .
79346,
79501.
82279.
79476,

oo
N

0¢}
O

=

VIR0 =01W RO WL0 N0 = =W oow~]

STRESS

04T



TEST NO.

207
209
210
211
212
213
215
217
218
202
384
386
387
390
391
255
433

SPECIMEN

NO.

R R WWW H e e e MACHINE NO.o

172
200
185
176
141
154
218
277
326
285
363
Lo
Lok
L1
416
Los
382
Lr1

STD.

STD.

RCAL
BENDING

190000.
10 190000.
10 190000.
10 190000,
10 190000.
10 190000.
10 190000.
10 190000.
10 190000,
10 190000.
10 190000.
10 190000.
10" 190000,
10 190000,
10 190000.
10 190000.
10 190000.
10 190000,

olojojoloolojolelololololoNoloNole)

% BENDING
O L.

.10
.20
.80
.80
.00
.90
.90
.00
.90
.30
.10
.20
.10
.70
.15
.15
.80

MEAN BENDING STRESS IN GROOVE

1o o % oo BENDING |
QO OOOOCOOCO

.30

RCAL |
TORQUE

304000,
304000,
304000,
304000.
304000,
304000.
304000,
304000.
304000.
304000.
304000.
304000.
304000,
304000.
304000,
304000,
304000.
304000,

olojeoloyeloJoRoloNoNololoooNooNe)

DEV. OF BENDING STRESS IN GROOVE
MEAN TORQUE STRESS IN GROOVE

DEV. OF TORQUE STRESS IN GROOVE

MEAN STRESS RATIO
- 8TD. DEV. OF MEAN STRESS RATIO

| A O I O

BENDING
STRESS

73539.
78408,
76735.
75173.
67216.
77273.
76663,
T7265.
784473,
81273.
7732k,
76342,
78883.
77136,
76241,
77324,
75898,
77206,

76575.3 PSI.
2833.46 PSI.
65021.8 PSI.
4Lo75.40 PSI.

.68211
04200

O~NWUTN OFO O C0OWOMN N YT

=3 1510 W ~JL0 T UT 00 O OV O OO T =

STRESS
RATTO

STHT
.713
. 729
699

-599 .

. 730
712
. 607
.608
.669

.681
. 702
.681
674
.690

675 -

.670

16T



SPECIMEN

NO.

R WWWWWWwwwwww  MACHINE NO.

\VE\VI!
W N O
O o

NN N NN NN NNNNNNNN~N~N~ PAN WEIGHT

327
304
321
232
255
o702
247
231
229
268
385
337
Lo
413
360

STD.
STD.

RCAL
BENDING

MEAN BENDING STRESS IN GROOVE

DEV. OF TORQUE STRESS IN GROOVE

190000,
190000.
190000,
190000.
190000.
190000,
1190000,
190000,
190000.
190000.
190000,
190000.
190000.
150000 .
150000,
190000,
190000.
190000,

ENDING

& m

OOOOOOOOOOOOOOOQO
1=
\O

W NVIS

BENDING

U1~
OO

on
oo

~\0 OOV N~
COOOOO0OO0O

HOOU10O
Uiu1 OU1 O

EN|
O

CAL
ORQUE

g e

304000,
304000,
304000.
304000,
304000,
304000.
304000.
304000.
304000,
304000.
304000,
304000.
304000,
304000.
304000,
304000.
304000,
304000,

oloNeloJoRoNoNoYololoNoloXoNoRoNoNe!

MEAN STRESS RATIO
~STD. DEV. OF MEAN STRESS RATIO

44:85 33:10.

44,80 33.35
45,00 33.00
15,00 32.80

BENDING
STRESS

13972,
68771.

68049,
67788,
69LL 3,
69050.
- 68201.
67603,
70931.
68857.
69219.
71440,
71828,
69489,
67869.
70429,
70530.
To14L,

= 69747.0 PSI.
DEV. OF BDNEING STRESS IN GROOVE= 1765.29 PSI.
MEAN TORQUE STRESS IN GROOVE

I

. 70895
.03052

= 56849.9 PSI.
1453.79 PSI.

OV OOUT~N OO O O N WO LU WO Oy

HEAR
TRESS

wnw

52788,
55089.
57057,
55453 .
58183.
55866,
59513.
5685. .
57961,
56580,
57606.
57905.
57276,
56646.
57354,
57793.
56889.
56477.

HOWUINO OW = OOUT ONDUTUT Q00

STRESS

~1—~3 YOV~ OV~ OV—] OO TTO
OODN— DO ONS RA
PP O WO 2O :

-60L
712

7ol

. 708

.683 "

. 702
.716
. 738

24T |



TEST NO,

280
317
318
321
323
330
339
348
377
378
381

383 4

385
395
397
430
L33
432

ECIMEN

o S
248
288
267
300
275
409
364
372
362
429
359
17
336
435
Lol
400
286
Lo2

STD. DEV.

NN DNDDND N DW MACHINE NO.

PAN WEIGHT

OF

MM =
390000.0" 50.
190000.0 50
190000.0 49
190000.0 L9
190000.0 49,
190000.0 49,
190000.0 53
190000.0 49,
190000.0 49,
190000.0 50
190000.0 50
190000.0 L9,
190000.0 50
190000.0 50
190000.0 149
190000.0 50
190000.0 50.
190000.0 50.
MEAN STRESS
MEAN STRESS

BENDING
NVTS
BENDING

-
Ul
U1
O
-
Ul

OO ONOW ANV
QOOUILIOOOOO
N N
ww
UI\O
Ul O

O =W\
U1t O OWUl
no M
W W
N0 =
Ur1oi\ut

.10 25.30

CAL
ORQUE

e

304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000,
304000.
304000,
304000.
304000.
304000,

.89701
.07582

olojoleojololololoololoNoNoRoNoRoN®]

=~ NVIS

2

n
=01

2

ol
22,
23.
02,
25.
26.
25,
ol .

24

26.

23
23

oL |
25.
ol |

TORQUE

.30
.15
.30
10
25
60
Lo
00
30
45
60
.30
15
40
LU0
75
50

80°

BENDING
STRESS

54130.
65783.
62189,
59191.
63745,
60821,
56341,
62759.
65612.
62795.
62590.
59238,
57721,
60002,
61033.
6L125.
62475,
62123,

ENDURANCE

6
9
T
i
0
(
6
8
5
5
9
9
5
2
5
n
8
1

SHEAR
STRESS

L7662,
40830,
39599.
39183,
36297.
37987.
36067.
Loo70.
L2368,
11026.
39489.
39573.
Loo73,
35850,
37592.
40109,
39137.
38052,

STRESS
RATTIO

4,656
9 .930
0 .907
8 .872
L 1,014

O~N\O~JFOWO OO oy
o
o)
=

£4T



10.
11.

12.

13.

O 0 N o U =

APPENDIX C

OPERATING CHECKLIST FOR COMBINED BENDING-
. TORSION FATIGUE RESEARCH MACHINES

To.Install Specimen

Turn power off at the wall - block up loading arm.
Choose corréct specimen for test using data book.
Prepare specimen for test.

a) - Inspect specimen for defect or damage.

b) Clean any oil or foreign matter off_specimen,
Clean inside of toolholders.

Clean collets.

Use WD-40 on collets - insure there is no binding.
Block up one éide of loading arm with sﬁpport bolt.
Insert specimen andlinstall collets. |
Block up other side of loading arm with support bolt.
Level the toolholder arms using the support bolts.
Place coupling gauges over the flex couplings.  Be
sure the coupling gauges fit snugly.' R
Check-the toolholder arms to see if they are still
level. If not, adjust the support bolts to make the
arms.level.

Install keys in specimen.

154



14,
15.

16.

17.

18.

155
Center specimen in toolholder.
Tighten outboard side (with strain gages) of spebimen
by hand. |
Tighten outboard side of specimen using the wrench.
Make sure it is very tight as 1t cannot be tightened

again after this step.

-

With the inboard side (W{fhout strain gages) still

locse, place brushes on the slip-rings. They should

be firm ééainst the rings, but not bent tight.

Zero the instrumentation.

a) Turn milliammeter to tint,

b) Check BY (5 volts) - Bridge Balance. Switch to
gt

¢) Check GV (5 volts) - Bridge Balance Switch to

it G‘V”

- d) Turn Bridge Balance Switch to "BB".

e) Turn Channel Selector to desired channel.

f) Set Atten Switch to desired level.

g) Use C. Bal. to "dip" voltmeter.

h) Use R. Bal. to “zero" milliammeter.

1) Repeat (g) and (h) until minimum voltmeter read-
ing and zero milliammeter readings are obtained
simultaneously. |

J) Iock C. Bal. and R. Bal. controls

k) Take a short Visicorder run.



- 19.

20,
21.
22.
23.

2k,
25.
26.
27.
28..

29.
30.

156
1) Repeat (e) through-(k) for each channel to be
used in the test.
m) Turn milliammeter switch to "out'.
Calibrate the instrumentation.
a) . Connect to Ext. Cal. the appropriate value of

calibration resistance.

b) Using the gain control, obtain the appropriate

deflection on the Visicorder (some adjustment of

the R. Bal. may be necessaryj - do not changé
C. Bal. |

c) Tdké a short Visicorder run for each deflection -
be sure instrumentation is calibrated for both
bending and torque.

Tighten the inboard side of the test specimen.

Remove flex coupling gages.

Clean the specimen and specimén groove.

VIower support bolts. Make sure horizontal link ié

not resting on a support bolt (check both sides);
Lower the loading arm - no pan load.

Check to see 1f pins are loose and all nuts are tight.
Check to see if bearings are vertical.

Check to see if vertical link is vertical.

Check to see if bfushes are stiil correctly set on
the slipFrings. |

Rotate machine by hand.

Turn the power on.at the wall.



31.
32.
33.
34.
35.
36.

37.
38.
39.
Lo,

W -

~ o wu =

157

Clean the Slip—rings (with machine running).
Turn the machine off. .

Apply the appropriate load to the pan.

Set microswitch;

Récord étatiq bending.

If torque 1s to be applied, see Procedure for Oper-

.ating NASA Complex Fatigue Research Machines with

Bending and Torque Toads.

Set the clock to zero.

Put on the bridges.
Record dynamic conditions.

Check lubrication and olil level.

= S To Remove Specimen

Turn power off at the wall.
Block up loading arm.
Remove the brushes from the slip-rings - thisvétep

is very important.

Loosen both collets so the specimen is free to slide.
Remove the bridges. |

Remove the keys.

Raise one side of the toolholder using a support

bolt..

Remove collets and specimen.



APPENDIX D

PROCEDURE FOR OPERATING COMBINED BENDING-
TORSION FATIGUE RESEARCH MACHINES WITH
COMBINED BENDING AND TORQUE LOADS

Ihstall specimen and balance Visicorder as per

"Checklist."

Apply the torque to the required number of divisions,

including the bending interaction divisions, using

the Infinit-Indexer.

Stabilize the torque divisions as follows:

a) Turn the machine by hand for at least five
cycles. You will probably observe a decrease in
the torque divisions.

b) Re-torque machine to desired divisions and repeat
the process untii the mean torque level remains
constant. -

Start the run and‘observe the mean torque divisions

insuring that it does not decrease. If no more than

2 divisions of downward shift in the mean torque

divisions is observed, continue the run. |

If more than 2 divisions of shift in the mean torque

level in the downward direction is observéd or if

excessive upwards drift in the mean torque divisions
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1s observed, particularly 10 or more divisions, stop
machine, remove pan weight, block up bending load
train, block up loadihg arm until level, and remove.
torque by loosening in-board collet only (the side
without the strain gages). Check to'sée where the
new torque zero is. If the shift in the zero is
within one division of the drift in the meaﬁ of the
torque divisions, re-zero the torque channel, ‘
re-tighten the specimen and repeat Steps 3, U4, 5, and
6 until torque is stabilized.

If the zero shift is 1n excess of the drift in the

mean torque divisions initiate an investigation as to

its cause. Probable causés may be the following:

a) True change in tbrque beyond the intended 1eve15

b) Change in strain gage characteristics,-perhaps
indicating a strain gage deterioration.

c) Deterioration of amplifier componeﬁts.'

If the drift in the mean torque divisions is not in

excess of 10 divisions, and a few specimens at the

same stress level check out favorably in Steps 1

through 4, do not re-check the zero; finish run.



APPENDIX E

. CALIBRATION OF NEW TORQUE GAGES FOR
MACHINE #3, JUNE 1969

Iﬁ May 1969, one of the strain gages in'the torque
bridge of the toolholder of Machine #3 failed. The gage
was replaced and it was necessary to recalibrate. Since
the bending bridge was left untouched, the.only tests
which had to be qonducted were the torque load versus
Visicorder output calibration and the bending interaction
into torque calibration.

The results of these tests are presented below.

Torque ILoad Versus Visicorder Output

The procedure used is identical to the one pre-

sented in Section 3-C-1. The data appear in Table 18.

Data Reduction

The same data reduction technique that was used
in Section 3-C-1 is used. Figure 42 gives the plot of the
data of Table 18.
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Table 18. ‘TOrque Output Versus Pan Welght Data for New
: Torque Gages, Machine #3, June 1969

Data Point Torque Output Pan Weight

Number div. .div.
1. 3.3 0
2 - 13.1 10.27
3 22.6 20.54
L 31.3 30.81
5 Lo.6 41.08
6 31.9 30.81
7 22.6 20.54
8 13.2 10.27
9 3.h o
10 13.2 10.27
11 11.7 10.54
12 31.9 30.81
13 Lo.7 41.09
14 31.9 20.54
15 22.7 20.54
16 13.3 10.27
17 3.4 -0

Visicorder Calibration Resistance:
Machine #3 - 304 ko at 44.8 divisions -



Torque Output, div.
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Fig. 42.--Bending Interaction into Torque - Méchihe'#3, June 1969
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Magh;ne Po;gﬁ qunt . W‘ NQiS Tout Ttrue S%OP..
lbs div psi psi T

3 (40.0,40.0) (2.5,6.0) 37.5 34.0 1008 848 0.842

Therefore,

Kp = 0.842

. Bending Interaction Into Torgque

For the bending interaction into torque procedure, -
consult Section 3-C-2. The method given there was fol-

lowed exactly for this test. The data appear in Table 19.

Data Reduction

Using the graphical reduction technique from

Figure 43,
Point A = (25.0, 0.73)
Point B = (35.0, 1.00)
My = = 10.0
Nygg = F 027
» NV’:'LSZ"R'”"” e
c = B T'gage - (-10.0)(190) = 12.00
B Tear, Mo @ Fear  (25.0)(4)(2.23)(490)(107)  pin/in
N, |
e o "1 Boage (0.27)(120) - - .2855
oo Mean, Mo @ fead  (45.3)(4)(2.06)(304)(107)  uin/in
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Table 19. Bending Output Versus Torque Output Data for
New Torque Gages, Machine #3, June 1969

Data Point Bending Output Torque Output
Number div. Cdive.
1 L.h o)

2 7.9 -0.10
3 11.5 -0,20
I 15.1 -0.40
5 18.6 -0.45
6 22.2 -0.70
7 25.8 -0.75
8 30.0 -0.90
9 33.5 -1.00
10 30.0 ~-0.90
11 26.0 -0.75

12 22.5 -0.75 ?
13 19.0 -0.60
14 15.4 -0.40
15 11.9 -0.25
16 8.4 -0.20
17 4.8 0

18 L.9 0

19 33.5 -1.00
20 5.5 0]

21 33.5 -1.00
22 5.3 o3
23 33.5 -1.05
2l 5.5 o .

Vigicorder Calibration Resistances:
Machine #3 - Bending 490 kq at 25.0 divisions
Torque 304 kq at 45.3 divisions

<



Torque Output, div.

50

L)

10

35

30

25

20

15

10

(8 ) 3 3 ]
7

¥ v T e

0 5 10 15 20 25
Pan Weight, 1bs.
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Therefore,
-0.2855 _

KB/T = '—-1-2‘—:'5‘6——- = —0.0238.



APPENDIX F

MATINTENANCE CHECKLIST FOR COMBINED

BENDING-TORSION FATIGUE RESEARCH MACHINES

Fach Run
The level of the grease in the froﬁt shaft-cou—'
plings and the level of oil in the gear box shall be
checked and lubrication added if needed. The oill to be
used in the gear box is Mobil D. T. E. 0il - BB.

Log the hours each machine has been run.

Every Month

Check front shaft couplings for proper amount of

Marfak #1 grease.

Every Four Months

Front and back shaft couplings shall be cleaned,

inspected and regreased with Texaco Marfak #1.
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Symbol

div

H @ = =

N

BGR

>

B/T

2

BTH

Qs

Ry

=
H

GR-TH

>~

£a

SYMBOLS

Arabic

Meaning

Radiusg of shaft, in

Divisions

Young's Modulus, psi

Force, 1lbs

Strain gage factor

Moment of inertia of cross-section, in
Inches

Surface finish factor

Experimentally determined static stress con-
centration factor |

Size factor

Groove bending calibration coefficient
Bending into tofque interaction coefficient.
Toolholder bending calibration coefficient
Temperature. factor

Stress concentration design factor

Dynamic stress cqnéentration factor
Miscellaneous effects factor
Groove-toolholder calibration coefficient

Toolholder torque calibration coefficient
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Symboi Meaniﬁg
Kt Static stress concentrétion factor-
Kts Static stress'concentration factor in shear
KT/B . Torque i1nteraction into bending calibration
coefficient
L » Iever arm distance, in
1bs Pounds
M Moment, lb-in
Na Number of active arms in strain gage bridge
Nag1 Visicorder calibration divisions, div
N&is Visicorder output, div
a | Notch éensitivity factor
Ty | Stress ratio
Rcal | Calibration resistance, ohms
Rgage Resistance of’strain gage,.ohms
e Mean of endurance strength, psi
Se Endurance strength, psi
Se103 Fatigue strength for 103 cycles, psi
S Ultimate strength, psi
SU Ultimate strength, psi
v Coefficient of Variation, %
W Pan weight, lbs )
) Icading, 1lbs/in
bear Weight of the bearing, 1bs
w Weight of the collet, 1bs

col



Symbol
coup

nut

slip

GR
out

TH

vig
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Meanling -

Weight of the coupling, 1bs
Welght of the collet assembly nut, lbs

Weight of the slip-ring assembly, lbs

Greek
Normal strain, micro in/in
Mean
Normal stress, psi
Standard deviation of normal distribution
Stahdard deviation of endurance data, psi

Shear stress, psi

Subscripts

" Bending

Specimen Groove
Output
Toolholder
Torque

Visicorder
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