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A UNIQUE TEST method and apparatus'now make it possible
to reproduce conditions of vibration that are not only certain
to loosen bolted joints but which also closely simulate actual
conditions. It can be shown that properly preloaded fasten-
ers loosen as a result of rotation as soon as relative motion
occurs between the mating threads and between the bearing
-suzfaces of the fastener and the clamped material.

Tn addition to fatigue failure, self-loosening is the most
frequent cause of failure of dynamically loaded, bolted joints.
This may be the reason for.the voluminous literature on the

~ operation and effectivenessof s¢1f=locking elements-de-
signed to prevent self~loosening of threaded fasteners, with
resultant severe damage tomachine and vehicle assemblies.
Most of the existing literature, however, gives the impression

“that there have been many approaches wried without finding
the correct solution to this problem. To be sure, much test
data have been obtained in both the United States and Europe
in an attempt to explain these action-reaction phenomena.
Unfortunately, up to the present time, there does not seem
to have been sufficient exploration to develop any truly
practical answers.

Goodier and Sweeney (1),* as well as Sauer, Lémmon,
and Lynn (2), have tested only axial dynamically loaded,
bolted connections. In spite of their failure to obtain a

*Numbers in parentheses designate References at end of
‘paper.
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complete self-loosening of threaded fasteners, they have
offered an explanation for partial loosening, which does
contain the basic element of the mechanism of self-loosen-
ing of bolted connections. That is, bolted connections are
loosened by the relative motion between the thread flanks
and other contact surfaces of the clamped and clamping
paris.

In 1966, Paland (3) precisely formulated and affirmed
the prior theory and also presented exact proof. Nevertheless,
neither could he produce total self-loosening (that is, the
total loss of clamping force), even by extreine axial impact
loading.

In 1968 the author approached the problem from another
direction. My paper, "Investigations of the Mechanism of
Self-Loosening and Optimal Locking of Bolted Connections”
(4-6), presented data from tests mainly carried out on trans-
versely loaded joints. There was no difficulty in completely
rotating loose nonlocking fasteners as well as some so-called
self-locking fasteners. :

New tests, which affirmed that wansverse vibration gen-
erates the most severe conditions for self-loosening, led to
the design of 2 new testing machine, which is supposed to
give practical answers o the phenomena of self-loosening
as well as quantitative data on the locking performance of
self-locking elements. After a general discussion here of
the mechanism of self-loosening, this new machine and its
operation will be described. The various possibilities of
recording and evaluation will be shown and discussed, with

The theory of seif-loosening of preloaded bolted connec-
tions when subjected to vibration is discussed. The signifi-
cance of self-loosening as a cause of failure is explained,
~ and design guidance to aveid self-loosening is given. The
test methods are described and discussed in connection with

3i4

a newly designed testing machine that yields quantitative
data for evaluating locking properties. These methods ¢an
be applied to all types of locking elements. Finally, a sim-
plified method for broad scale testing and inspection-is pro-
posed.
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the aim of proposing scientific and sophisticated test methods
as well as a simplified inspection test.

It is not the intention of this author to compare the per=
formance of self-locking elements, not even of those that
have been used in these test series for the purpose of evalua-
tion and wial of new test methods and machinery. To give
final answers on the self-locking performance of various
elements, much more test data must be obtained on a sta-
tistical basis after agreement on suitable test methods has
been reached.:

THE MECHANISM OF SELF-LOOSENING

The theory of the mechanism of self-loosening is based
on the well-known law of physics that defines the effects
of friction on two interacting solid bodies. As soon as the
friction force between two solid bodies is overcome by an
external force working in one direction, an additional move-
meunt in any other direction can be caused by the action of
forces that can be essentially smaller than the friction force.

The following example will illustrate the principle in-
volved: A solid body, having weight L, lies on a slope and
does not move if the slope angle is smaller than the friction
angle. Fig. 1 shows welghts, which canberegarded as asim-
plified model of a tightened fastener. The slope angle re-
presents the thread, and the horizontal plane represeﬁr.s the
bolt head or nut béaring surface.  The resulting transverse
force Q is given by the equation

Q =Ltan(-¢ + 0) + L tanp o

" As long as Q is greater than zero, the system does not move.

It will move, however, as soon as the slope underneath the
solid body is vibrated to the extent that the inertial force
created exceeds the friction force so that the interface be-
tween the solid body and the slope becomes apparently free
of friction. As Fig. 9 shows, the transverse load L tan ¢
then injects motion into the system.

This effect can be demonstrated by examples from daily
life: A cork can be more easily removed from a bottle if

i—
L
I : i

Q= L-tan(-P+R) +L-tane

* L-tan €

0‘51 L-tane

Fig. 1 - Simplified model of a bolted joint under static
conditions SR : :

torque is applied while pulling. If a car is braked in a curve,
the car loses its sideway grip on the road. The example of
the slope is also applicable to a bolted connection: The
thread is the slope, spirally mounted, and the clamping load
is the weight that causes the pressure between the two solids
in contact. Additional friction forces originate from the
clamping load on the bearing surface of the bolt head or
the nut Fig. 3)-

Similar to a load lying on a fixed slope, self-locking
exists in a bolted connection as long as no relative motion
arisesbetween the thread flanks and the contact surfaces of

‘clamping and clamped parts. The following off-torque is

needed for loosening the bolt or the nut:,

d D }
-p |2 _H
Toff_FV[z tan€¢+p)+ ZpH_

d D
=F [—2(Ean-¢+115}1)+—Hu ]
vie ' 2 H {(2)

The bolt could leosen by itself (without the application

of external off-torque) only if TQ o

were to become either

Q=Ltan (-¥)= -L- tan

Fig. 2 - Simplified model of a bolted joint under vibration
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Fig. 3 - Bolied joint under static conditions
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a zero or negative value. Even under ideally lubricated
conditions, the thread friction angle will not be less than

6 deg and the helix angle will not exceed 3°20" on sizes
down to M5 diameter {equivalent to 3/16 in.). Therefore,
the sum between the square backets in Eq. 2can never be-
.come smaller than, or equal to, zero; that is, the prod-
uct of the equation can become zero only if the preload
drops to zero. This case, which exists only if no relative
motion occurs in the threads or at the bearing area inter-
faces, has been very widely generalized.

However, if relative motion occrs between the threaded
surfaces and for other contact surfaces of the clamped and
clamping parts because of an external force, the direction
of which is either tangential or radial, the bolted connection
will become free of friction in a circumferential direction
(Fig. 4). This means that the preload acting on the thread,
which is a slope, creates a force in a circumferential direc-
tion and results in the rotational loosening of the bolt or

"the nut. The maximum value for total elimination of the
circumferential friction force resisting the existing internal
off~torque is then equal to

d . d

V—z—tanﬁﬂ

(3}

" The question now is; How do these relative motlons acting
between the thread flanks and other contact surfaces of the
clamped and clamping parts occur?. '

For axially loaded joints, Goodier and Sweeney have
already pointed out that pulsating tension of a clamped bolred
connection creates radial sliding motions between the thread
flanks of the bolt and nut or at the interface of the clamped
bearing surfaces. The reasons for this are the contraction
of the bolt according to Poisson's ratio and the dilation of
the nut walls caused by axial tension. Paland proves this
rule arithmetically and by measuring the tangential strain
on the surface of the nut. He comes to the conclusion that
a loaded nut widens elastically in a radial direction at the

d d
Toffi = Fy- 5 - ton (¥)==Fy- L -tan ¥

Fig. 4 - Bolted joint under transverse vibration
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area near the bearing surfaces and contracts in the upper
part. For the widening area, for nuts of M10 diameter (ap-
proximately 8/8 in.), he specifies values for the relative
motion as
=G

S/F =(7---8)-10 mm/kgf @)
These very small amounts of radial displacement by ex-
pansion of the nut would explain why Paland (8), in spite
of heavy impact loading in an axial direction of the bolt,
still needed a small external off-torque to turn the nut com-~
pletely loose. Goodier and Sweenejr (1) have succeeded at

 the end of 500 cycles in producing angles of 5.5 % 107

revolutions, approximately equal to 2 deg, when loading

a 3/4 in. nut~bolt connection on a tensile testing machine.
Nevertheless, this loosening had already caused a preload
drop of 27%.

Sauer, Lemmon, and Lynn (6) loaded a 5/16 in. nut-bolt
connection in a fatigue testing machine with a working load
equal to 80% of the preload. They recorded a maximum
loosening angle of 6 deg after 25,000 cycles when usiag
cadmium plated nuts and bolts. Their loosening curves show
that the rotating process had come to a stop. The recorded
rotation loosening angle of 6 deg nevertheless had caused
a decrease of the clamped length of 24 im; this is equal
to a decrease of 700 kgf (1550 1h), when related to a clamp-
ing length of 2d1. Using a Grade 8.8 bolt (equal to Grade 3)

this reduced the preload by 42%.

For dynamically transverse loaded joints, the relative
motion between the thread flanks and the contact surface
of the bearing areas can occwr in magnitudes up to the maxi-
mum allowance of the thread. These large effects appear
when transverse loadings, which have to be wansmitted by
grip friction, exceed the friction force between the clamped
parts, 1F, the friction force being delivered by the clamping
force F. The resultant transverse slippage between the
clamped parts forces the bolt to assume a pendulum move-=
ment, which leads to relative motion in the thread hole and
thus between the thread flanks.

If the amplitude of such transverse slippage of the bolt
is large enough, slippage of the nut or bolt head bearing

“surface will finally occur and make the joint totally free

of friction in a circumferential direction. It can be easily
realized too that, contrary to the conditions of axial load=
ings, relative motion between the flanks will occur in all
parts of the nut thread when the joint slips under transverse
force. Thus, the internal off-tordue force becomes sufficient
to turn the bolt or nut completely loose as soon. as the fric-
tion is eliminated in the bearing area as well as in the thread
area. Such transverse slippages are more comnmon in prac-
tice than is usually accepted. Experience shows that these
joints most frequently fail by self~loosening.

An example of self=loosening is the fastening of the crown
wheel to the body of a differential gear in an automobile.
The driveshaft transmits the moment to the crown wheel
by a bevel wheel and from there by grip friction to the body
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* of the differential gear. Quite often the iransverse slippage
~ between the crown wheel and body occurs around the area

of these two teeth, which are actually in contact, because
the adjacent bolt connection is more heavily loaded than
the more distant ones. Finally, in the limits of th_é elastic
deformation on the crown wheel, a wransverse slippage takes
place and forces the bolt to move as a pendulum in the
tapped hole of the body.

Diring the rotation of the crown wheel, one bolt after
the other enters the area of the two teeth in contact; thus
one bolt after the other rotates loose. Also, in cases where

- the joint is axially or coaxially loaded, transverse slippage

can occur because such loadings can cause elastic defor~
mation of the clamped parts (for example, a bearing cover).
Proof for the validity of the whole theory of the loosen-
ing mechanism of wansversally loaded joints can be easily
determined. Schoellhamrmer, of the Laboratories of Daimler-
Benz AG., Stuttgart, has determined the external off-torque
of several fasteners, including self-locking types under dy-
namic wansverse Joading. In these tests the frequency of
transverse impact was increased to the point that the exter-

‘nal off-torque decreased, and the fastener finally rotated

loose without the necessity of any external off-torque. For
these tests he used a vibration machine, with the fastener
to be tested clamping a plate against a block.

Two air actuated impact hammers induced the relative
motion between the plate and the block, and by variation of
the air pressure the induced impulses could be varied. The
bolts tested were M10 Grade 8.8 (equal to SAE Grade 9),
with and without self-locking elements and also with pre-
vailing torque type self-locking nuts. The bolts and nuts

. were tigﬁteped'with a torque wrench, but the actual preload

was not determinéd. When a ceitain impulse with increasing
frequency was reached, the external off-torque for loosening
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Fig. _5 = Loosening torque for preloaded fasteners under trans-
verse vibration
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became zero.
by themselves.

A similar priniciple was used in the earlier work of this
author. Tt consisted of two plates clamped by the fastener
to be tested, which in turn was transversely loaded dynam-
fcally by using a 6 ton fatigue testing machine. Transverse
loads were measured by a tengile load cell, and the ampli-
tude of the relative movement between the two clamped
plates (caused by the transverse loading) was recorded by
a displacement pickup. Both sets of data were plotted by
a high speed recorder. When tightened, both bolt torque
and preload were measured by load cells. Thus, the bolt
could be tightened to the exact preload.

The properly tightened joint was vibrated and then, dur-
ing the vibration process, the bolt was loosened and the
necessary extérnal off-torque was measured. With increas-

The nuts under test rotated completely loose

-ing induced transverse force, the external off-torque de~

creased and, as Fig. 5 shows, the curve passed through
Toff = 0 for a certain amount of induced vibration. Fur-

ther increase of induced vibration resulted in negative torque
values, indicating clearly that there is an internal off-torque
developed by the wedge effect of the axially loaded thread.
The proof for the elimination of self-locking was given when
an internal off-~-torque of -0..58-mkgf (50.4 in.-1b) was re-
corded. This measwed internal off-torque was approxi-
mately equal to the cne obtained by a calculation for the
case of a bolt completely free of friction:

d

2
Off - F tan( (‘p) (5)
The same proof could be obtained by using a vibration de~
vice in which a joint is clamped by one single bolt in the

center of a torsional vibration.

TO PREVENT SELF -LOOSENING
BY MEANS OF DESIGN

According to previous research work, it has to be as-
sumed that total self~loosening does not occur in joints that
are dynamically loaded only in an axial direction. This
may be at least valid in all cases where the joint is propesily
tightened. But it has been proven that at least partial rota-

" tion of the nut can occur when the ratio between working

load and preload is high, and particilarly if the load in the
thread is largely diminished by the compression amplitude
of an alternating working load.

The partial loosening by rotation leads to a fu:ther loss
of preload, and thus to a stop of the rotating process, because
the internal off-torque is proportional to the preload, which
itself is reduced by the rotation process. -On the other hand,
the loss of the preload increases the danger of fatigue failure
because the total amount of alternating working load (axial)
is felt by the bolt.

On ihe other hand, total rotational loosening can occur
in wansversely loaded connections as soon as the clamping

R
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load can no longer maintain sufficient grip friction so that
transverse slippage between the clamped parts occurs.  Trans=
verse slippage, as a matter of fact, is quite common because
it.is caused not only by wansverse loads or ransverse com-=
‘ponents of a load in any direction, but also by coaxial loads
that deform the clamped part elastically (that is, by all
joints that are loaded eccentrically, such as bearing caps).
_“The proposed concept of the mechanism of self-loosening

or self-rotating of fasteners completes the picture of bolt
failures under vibration by introducing the "self-rotating
process.” Many cases of fatigue failures under obviously
very low preload, which could not be explained by plastic
deformations or even by insufficient tightening, were prob~
ably caused by partial self-rotating.

. In Fig. 6anattempt ismadeto illustrate the failure mech-
anism of dynamlcall)f,i loaded bolted conuections (7). This
chart hias been made up to resemble a road map with road
numbers. There is-a total of 12 different lines, which lead
either to fatigue failure of the bolt (infrequently the clamped
part or the nut) or to self-loosening of the fastener. This
illustration shows that the basic. rule for avoiding bolt failure,
either by fatigue breakage or by self-loosening, is to supply
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Fig. 6 - Graphical fltustration of failure mechanism of dy-
namically loaded bolted joints '
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and to maintain sufficient clamping load. Since this paper
deals with the "self-loosening” branchof the failure mech-
anism, the design rule for avoiding self-loosening or loss
of preload by partial self-rotating is as follows: Design in
such a way that no relative movement occurs between the
contact bearing surfaces normal to the axis of the bolt or
hetween the thread flanks of the fastenmer components.

This requires that a sufficient residual clamping force
remains when the scatter of preload values after tightening
and the embedding phenomena (Setzen), due to plastic de-
formations of the fastener or the clamped parts, is taken
into consideration. The residual clamping load should never
fall short of the value Ii'T/ll (transverse load/friction coeffi=-

cient) to make sure that no transverse slippage can occur.
Modern rules for caleulation of bolted connections (3 apd 9
are therefore based on the necessary residual clamping force,
the estimated degree of embedding (Setzen), and the scatter
of the preload obtained by tightening, as represented in the
following equation:

= A
Fmax A [FR " FW * FV] ®
wheres
c.C
s P
AF_ =g ———— {7
Vv CS + C‘P

Tabulated values for the different factors are given in Ref. 8.

As itwas previously shown, using the example oi'the crown
wheel, there exist cases where these demands can be met
only if the joint fasteners are uneconomically overdimen-
sioned. There is no doubt that many dynamically loaded
bolted connections are beyond an exact calculation; there-
fore the relative movements cannot always be excluded by
means of the joint design only. In these cases, use isre-
commended of fasteners with self-locking elements that
tend to resist the internal off-torque which occurs when
inherent self-locking is lost.

PROPOSED NEW TEST METHOCDS
AND MACHINERY

Since relative movements between clamped parts and
fasteniers camnot be avoided by means of the joint design
only, and self-locking fasteners have to be used for pre-
venting “rotating loose,” a criterion has to be found for the
effectiveness of such self-locking fasteners. Several test
methods have been tried in the past and are still in use (10~
19). Most of them are more or less qualitative methods,
which result in "rotating loose™ or "not rotating loose™ under
certain specified conditions (some of them in preloaded
condition; some in an unpreloaded condition). It is obvious
that the latter ones are practical only for prevailing torque
types of locking fasteners. Other specifications give values
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for installation torque, breakaway torque, and prevailing
torque.

With this paper an entirely different approach is proposed.
Since transversely loaded joints-tend more to self-loosening,
the test procedure suggested imitates these actual conditions.
The first attempts were made with a device consisting of
two parts clamped together by the specimen, with load cells
and a displacement pickup to record transverse load, preload,
and displacement.’

The product, twansverse force times displacement, was
called vibration energy. Its maximum values were signifi-
cantly different for the various locking elements.

This test method yielded resulis that could not be re-
produced, since the machine used for the tests was a resonant
type of fatigne machine. This type generates a force that
is a function of the machine frequency. When starting a
test, the transverse force increased with increasing frequency
as a function of time until the loosening process of the tested
fastener was initiated. Depending upon the starting speed of
the machine, a different maximum force {(and 'tl_lerefore
maximum energy) was necessary for rotation loosening of
a nut or bolt. Therefore, a new vibration machine was de~-
signed for these tests.

The prototype of the new machine was built by the Cor-
porate Machine Building Dept. of the 8PS Co. This ma-
chine generates & transverse sliding motion between two
clamped parts by means of an adjustable eccentric. The
resulting transverse force is independent of frequency and
starting speed of the machine. It is for a given macline
stiffness (spring constant of the load transmitting parts),
strictly a function of the eccentric adjustment.

© Figs. 7 and 8show the heart of the machine. The tested
bolt clamps the U-shaped top part onto the bed, an integral

POTENTIOMETER

CONNECTING PLATE
TO LOAD CELL

. FOR TRANSVERSE
FORCE

FLEXIBLE
SHAFT

SPECIMEN

DISPLACEMENT
PICK-UP{LVDT}

e

COMPRESSION
LOAD CELL

Fig. 7 - Central part of the vibration machine
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part of the machine frame. The clamping force is measured
with a compression load cell through which a bushing with
internal threads is placed for testing bolts. When testing
nuts, this bushing may hold a threaded stud, or a special
bushing with external threads may be used.

The U-shaped top part is displaced parallel to the bed.
The force is transmitted by a load cell mounted on flexure
plates, a connecting rod being attached to the load cell by
crosswise flexure plates and by an adjustable eccentric. The
U-shaped top part is separated from the bed by flat strips of
needle bearings, to avoid galling.

The relative movement between bed and top part is mea-
sured with special linear differential transformers. The
tightening and loosening angles were measured with a linear
potentiometer, which was attached to the test specimen by
a flexible shaft. Exchangeable threaded bushings and inserts
in the U-shaped top part make the mechanism usable for
testing bolts from 1/4 in. (or M6) up to 5/8 in. (or M16)
thread sizes. This range covers the majority of the common
locking elements. 2 .

The machine is driven by a 8.6 kW (5 hp) a-c motor,
which is located in the machine housing. A V-belt drive
and different pulleys allow testing frequencies of 1500, 3000,
4500 cpm.

Fig. 9 shows three different applications for the machine.
In the upper picture the U-shaped top part is connected to
the load cell with a bolred plate, to eliminate all play.

The arrangement is used for tests with pure transverse load-
ing. This plate is replaced in the middle picture by an
U-shaped sheet metalspecimen that transmits the transverse
forces when clamped with the U-shaped top part to the bed.
With this arrangement the fatigue swwength of bolted sheet
metal joints can be evaluated (see also Fig. 21). This is
of special interest if the fastener damages the surface of
the clamped parts, for example, when using locking fas-
teners with serrated bearing surface. In the bottom picture
the connecting plate is replaced by a connecting rod. Tt

is thereby possible to rotate the bed so that it forms any

e PR s
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angle between 90 and 180 deg with the frame of the ma~
chine. The center of rotation coincides with one bearing '
of the second connecting rod. This arrangement allows load-
- ing the test specimens by any combination of trdnsverse
and axial forces. _

" The recording equipment used for the tests described
above is shown in Fig. 10. Transverse force FT and dis-

placement "d" are plotted on a Visicorder as a function of
time. The bolt preload is recorded on a- third channel. By

using a two channel oscilloscope; the wansverse force F T

“is recorded as a function of displacement "d"” in X-Y hookup
on one channel and the preload on the second channel. Run-
ning the tests with a special low speed drive (10 cpm), the
same information was plotted on an X-Y ans recorder.

The electrical values of transverse force FT and displace=

ment "c'l'“‘were multiplied by a specially built electronic
multiplication circuit. The resultF T-d is plotted as a func-

tion of preload on an X-Yl-Y 9 recorder. The tightening

and loosening angle measured with a linear potentiometer
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Fig. 9 ~ Three different possibilities of application of the
vibration machine
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is recorded as a function of preload on the second channel

~of the X-Y I«-Y2 recorder.

To check out the machine and to evaluate the possibili-
ties and limitations of the various testing, measuring, and
recording methods, the test specimens were restricted to -
nonlocking screws of different thread tolerance (with and

‘without spring washers) and to two types of free spinning

self-locking screws with serrated bearing surfaces. This
restriction has been made because of lack of time and be~
cause these types of screws are used in great numbers for
sheet metal constructions, particularly in the automotive
industry. The described test methods and machinery can

be used for testing all kinds of self-locking nuts and also
self-locking screws of the prevailing torque and adhesive
type. A comprehe'nsive study with specimens of -all groups
of self-locking fasteners is in preparation. Geometric shapes
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and dimensions of the test specimens are 'given in Table 1 - types of locking fasteners were additionally tested onwashers
@ and the mechanical properties in Table 2. Screws of the of higher hardness (Rc = 39 - 41).
3 size M10 X 1.5 and 3/8-16 have almost equal nominal -
thread diameter, pitch diameter, and pitch so that their
test results can be compared.
All fasteners were oiled before testing and were used
with plain washers under the head, kaving a Rockwell hard-

During all tests the specimens were originally preloaded
to 2500 kgf = 5500 Ib, This relates to 75% of the proof load
of screws with a sirength level of ISO Class 8.8 (similar to
Grade 5). All tests excépt those run with a special low speed
9 drive (10 cpm) were run with a ﬁequency of 3000 cpm.
ness of 77Rb (HB a0 =137 kgf/mm”). The free spinning XY PLOT OF TRANSVERSE FORCE AND DISPLACEMENT

Table 1 - Dimensional _Specificatibn of
Tested Specimens

No. Specimen . Dimensional Specification

A Nonlocking Screws

A Hex head cap screws, Pitchs 1.5 mim
DIN933, M10 X 1.5 X 80  Thread tol: Bolt 6g
Nut 6H

Nominal max. rhreéd
allowance: 0,344 mm

0.01358 in-
A Socket head cap screws, Pitch: 1.586 mm
1960 Series, Thread tol: Bolt 2A
3/8 -16 X 1-1/4 in. ' Nut 2B

Nominal max. thread
allowance: 0,290 mm

0,0114% in.
A 3 Socket head cap screws, Pitch: 1,586 mm
1960 Series, _ Thread tol: Bolt A
3/8 -16 X 1-1/4 in.. - Nut 3B

Nominal max. thread
allowance: 0.193 mm
0,00759 in.

B Spring Washers .
B Hex head cap screws,
DIN 933 (A 1) plus .

spring washer DIN 128

C Free Spinning Locking Screws
Cl" Flange head, hex cap
screws, M10 X 1.5 X 30,
with triangular teeth,-
groove and bearing plat-

Thread tol: Bolt 6g
Nut 6H
Nominal max. thread
allowance: 0,344 mm

form near the shank 0.01355 in.
C.2 Flange head hex cap Thread tol: Bolt 6g
screws, M10 X 1.5 X 30, Nut 6k

with long radial teeth Nominal max. thread  *
and circumferential allowance: 0.344 mm
bearing ring, edges of 0.01855 in.
teeth and bearing ring

forming one continuous

curye

f M
£ 3}




322

(HYSTERESIS CURVES) - The sghematic drawing in Fig. 11
explains the relationship of force to deflection and to dis-
placement in a slipping; bolted connection subjected to. dy-
‘namic transverse forces. The dotted line represents the
force /displacement diagram of two plates, which are clamped
‘together by a screw with narrow thread tolerance.. Itwill be
assurmed that the head of the screw cannot slip on the plate.
‘This screw is bent to the left by the top plate at point A -

(left dead center). When the top plate moves to the right,
the screw bends to the right until (owing to the moment in
the thread) the slipping in the thread begins at point B N the

force fdeflection line is less steep up to point Dl'
. AtD 1 the allowance in the thread has been used up by

slipping and the screw thread is supported by the opposite
side of the internal thread. From there on io point E1 (right

dead center) the screw is bent more. The same process 1¢-

peats during the other half of the cycle when the screw is
bent back to the left dead center. The included area rep-
resents the friction enetgy absorbed by the joint, which

is being transformed. into heat. The area is very small, since
only the thread slippage creates friction energy; the bending
of the screw is pure elastic deflection.

The curve, indicated by a dash-dot line, represents the
force /displacement diagram of a bolted joint for which the
bolt head too cannot slipon itsbearing surface. The thread
tolerance, however, is so wide that the external screw thread

GERHARD H, JUNKER

is contained by the internal thread exactly at the left and
right dead center. This means that the slipping in the tiread
starts at point 32 and ends at point E o* The enclosed area

is larger, owing to the longer slippage displacement in the
threads; therefore the absorbed friction energy is larger t00.
The solid line in the diagram represents a joint with a
fastener that can slip under the head. This is the case when
the friction grip Fv}l is overcome by the t:ansverse' force

FT. Starting from the left dead center at point A& 3 the

screw is bent to the right by the transverse force, which
does not yet break through the friction grip of the head and
the top plate. At point Bs' slipping in the threads starts.

Before thread slipping can proceed to D! 1 {for narrow thread
tolerance) or to D'2 {for wide thread tolerances), slipping
under the screw head starts at point C 3 and ends at poinf
E g the right dead center.

" Drawing lines through D’ 1 and D' 5 parallel to the load/
deflection line of the load ransmitting machine part (Cm =
tan ¢), we obtain the distances Wl and W2 as the intersec-

tions of these parallel lines with line C 3E ’fhey represent

g
the part where slipping in the thread as well as under the
head occurs. Fastener rotation can take placeonly onthese

distances because only there is the screw free of friction.

Table 2 -~ Mechanical Properties of Specimens

HV
Proportiohal 03
 Limit, UTS., (Diamond pyr 3200 load)
2
wgf/mm®  kgf/mm’ kgt fmm
Na. psi psi Core Hardness Case Hardness Remarks
Al 68 82 270
96,600 116,800
A2 110 117 360
156,400 166,400 ‘
A3 110 117 360
156,400 166,400
B 1 68 82 270 --- Mech. properties of
196,600 116,600 SCrew same as Al
C 1 84 94 275 405 Case hardness mea -
119,500 138,700 sured 0.05 mm
(0.00197 in.) from
surface
C2 85 98 260 520
120,900 139,400

-

L

e
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It can be seen that the distance W 1 for threads with close
tolerance is smaller than the distance W 9 for threads with

wide tolerance. Therefore, screws with close thread fit
must have a higher resistance to self-rotating loosening
than screws with wide thread fit. These considerations ex-
plain that the prevailing torque type of Jocking screw works
by reducing or eliminating the thread allowance by various
means. The self-forming screws must be added to this cat-
egory for the same reason.

According to Fig. 11, a bolted connection that slips under
the bolt head will absorb the most energy; the hysteresis
loop encloses a considerable larger area. Where the clamped
parts are not separated by flat strips of needle bearings and
where they are clamped together directly, the interaction
of force, deflection, and displacement is basically the same.
Merely the friction energy between the clamped parts (va.

TRANSV. FORCE F
CLOSE THREAD FiT

RIGHT DEAD CENTER

&\ DISPLACEMENT 4

ax) has to be generated additionally every cycle. When

LEFT DEAD CENTER

the transverse force F T is large enough to force a relative

displacement of the clamped plates, the same process as
that described in Fig. 11 takes place. The use of strips of
needle bearings between the clamped plates merely prevents
galling; it does not favor either group of locking elements.
SPLIPPAGE IN THREADS ONLY The diagrams recorded during tests have basically the
sessom SPLIPPAGE UNDER HEAD ONLY - samie shape as the schematic drawing of Fig. 11. Fig. 12
s56 | SPLIPPAGE BOTH iN THREADS shows the transverse force-displacement diagram of 2 non-
W} AND UNDER HEAD locking screw Al and of a free spinning locking screw Cz,
W, FOR CLOSE THREAD FIT
W; FOR WIDE TWREAD ¥IT

WIDE THREAD FIT

recorded at a machine speed of 10 cpm. The diagram is
presented for 100, 80, 6@, 20, and 0% of the original holt
preload, which is also shown on the same plot as a function
of displacement (upper part of chart). It can be seen that

Fig. 11 ~ Schematic descnptlon of the self-loosenmg process
under transverse vibration

Fy %
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Fig. 12 - Preload FV and trans- € . -
' . [[] /4 4100
verse force F,, versus displace~ : 7 .
T / 2004
ment "d" (hyteresis curve) for 1300
nonlocking screw A and free
1 1004
spinning locking screw Cz; fre~ Legp

quency 10 cpm ' : SPECIMEN A1 Fr [Kof] SPECIMEN C2
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the nonlocking screw A | Starts slip under the head in the
fuliy pr'eloaded condition; however, the screw G o with ser-

rated head bearing surface does not start to slip until the
preload is decreased to 40% of the original preload. The
tangent curves in Fig. 12 represent the load /defléction curve
(spring constant Cyp of the load transmitting parts of the

machiné. - ) .
Fig. 13 shows the complete loosening process of a non~
locking screw A 1 tecorded with an X-Y recorder at a test

frequency of 10 cpm. The recorder was turned off at a re= '
rmaining preload of 10% of original preload, but thie screw
had completely turned loose after 200 cycles.

"Fig. 14 shows the same process for the same eccentric
adjustiment (zero load amplitude d 0 +0.8 mm), but re-

corded on an oscilloscope during the 3000 cprn test fre-
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ing the angle of rotation during loosening in addition to the
force /displacement hyteresis curve. Tt becomes apparent
that the loosening process of a nonlocking fastener starts
with the very first cycle. The recorded angle of rotation
loosening was 9 deg after 25 cycles: it was constant, since
0.36 deg rotation occurred per cycle. The recording of
preload and angle of rotation as a function of displacement
during 10 cpmi tests gave an answer to the question of what
causes the relative high loss of preload of all free spinning,
self-locking fasteners at the beginning of the vibration pro-
cess. This phenomenon was éspecially encountered at test
series described later. R

Fig. 15 shows the first 50 cycles at 10 cpm frequency
for free spinning locking screws C 0 and C 5 (the first five

cycles are recorded, then every fifth; screws seated on a
soft washer). The screws lose 25% and 14.4% respectively

_ , of their original preload during the test. Recording the angle
quency. Bothdiagrams, recorded at10 cpm andat 3000 cpm, '

of rotation showed that the high loss of preload at the be-

are equal when the different scales are taken into considera- ginning was not only the result of the “digging in" of the

tion: even the number of cycles causing complete loosening
is approximately 200 for both speeds. This resule gained
in several tests shows that the self-loosening of screws is
independent of frequency. It simply depends upon the oc-
currence of relative motions and on the length of such fo-
tions during one cycle. If the forces causing these relative
motions are inertia forces, they are a function of the square
of the frequency. In this case the frequency indirectly in-
fluences the loosening process. '

This test method yielded interesting results when record-

teeth but also of a rotation of 1.3 deg for C 1 and 0.6 deg

for C 9 |
ther loss of preload is due to brineling of the teeth into the
surface. o
‘The loss of preload after 50 cycles is the same when the
screws are seated on hardened washers; however, it is caused

. After 30 cycles, the rotating process stops and fir-

to a larger degree by rotation. That this process is dependent %

largely on the shape of the teeth becomeés obvious by the
following: The screws C o having long rectangular teeth lost

Fig. 13 ~ Preload FV and transverse force F‘I‘ versus displace~ Fig. 14 - Transverse force FT versus displacement “d", show-

ment "d", showing a continuous seli-loosening process of a
nonlocking screw Al; frequency 10 cpm

ing a continuous se]f-looseniﬁg process of a nonlocking screw
A frequency 3000 cpm. - S
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only half as much preload after 50 cycles under equal con~
ditions and turned only half the angle as the screw Cy which

has t.riangulaf high teeth. o
Fig. 15 (C 2) also shows clearly the two bends in the hys-

teresis curve which characterize the limits of thread sip-
page. The hysteresis curve recorded by the X-¥ recorder |
has the same shape as the one drawn in Fig. 11, which shows
a screw that does not slip under the head. This kind of test
is primarily suited for evaluating rotating and brineling pro-
cesses. It can be used especially well at slow testing speeds
so that X-¥ recorders may be employed. It is not so well
suited for large test series at high testing frequencies when
a statistical evaluation is desired, since in that case the
hysteresis curves will have to be photographed from an os-
cilloscope. Fig. 16 shows maximum output of the vibration
machine and actual hysteresis'cuxves._

VIBRATION PRODUCT - A fastener commection that
slips under alternating transverse force absorbs exactly that
amount of energy represented by the included area of the
hystéresis diagram. Assuming the exmeme case of an ab~
solutely stiff screw, all absorbed energy would be in form
of friction and would be for 1 /4 cycles

B, = dF (8)

At the other extreme, pure bending of the screw (no friction).
B 1/_4_7_9)7(:13, would absorb i

St B 2 T S

Infll ' ééf;;ond' case the energy for one full cyele would be

zero. The largest possible energy per 1/4 cycle for a given
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eccentric adjustment would be. the following rectangle, ex-
pressed by )

E

o (do) Cu 2
—_— — ] = —d )

2 2 4 0 .

The limiting values of displacement and transverse force,

the exceeding of which causes the preloaded screws to rotate
loose, will be used for the rating of locking abilities of var-
fous locking elements. Both values are of equal importance,
since a slipping joint will be kept from total separation if
large displacements in connection with small forces, as well
as large transverse forces in connection with relatively small
displacements, are absorbed. It is therefore proposed to in-

troduce the product of ransverse force times displacement
FT d as a criterion for the locking ability of a locking ele-

(10

ment subjected to transverse displacements. The product

will be called "vibration product” V. -
The vibration product V was obtained in two ways: First,

displacement “d" and transverse force F 1. were recorded on

a Visicorder together with the bolt preload. Values for "d”
and F T were then read from the Visicorder chart and multi-

plied. As a second method, the product was obtained by
electrically multiplying the signals of the two amplifiers
of displacement and transverse force. The multiplication
circuit was built from commercially ayvailable components.
By muliiplying "d” and FT electrically it was possible

to record the vibration product as a funcrion of the (de-
creasing) preload on an X-Y recorder. Simultaneously, the
tightening and rotation loosening angle was registered as

2 function of preload on the second chanpel of the X-Y re-
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Fig. 15 - Preload FV and frans-

verse force FT versus displace-
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ning self-locking screws C 1 and
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-ence of 34 deg represents the embedding and the elastic
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corder. Recording the angle was done in the following ways
First the screw was tightened to 500 kgf (1100 1b) preload é)
(snug tight); then the screw head was connected with the
angle recording potentiometer and the screw subsequently
tightened to 100% preload. _

Fig. 17 shows recordings obtained, as described above,
of the vibration product and the tightening and rotation
loosening angle as functions of the preload. The machine
settings were as follows: eccentric adjustment to produce

Emax = 210 mm kgif, frequency = 3000 cpm, no. of cycles =

3000 (provided total loosening did not occur). Fig. 17 shows
also the performance of screw ¢, after one tightening, tested

at 3000 cpm frequency and an enetgy level of Emax = 210

‘mm kgf. When seated on a soft washer, the screw retains

50% of its preload after 8000 cycles, whereas the vibration
product hardly changes. The angle A = 6 deg, representing
the rotation loosening, and the angle B corresponds to the
amount of embedding during vibration. These can be de-

- termined when the line of the tightening angle of a plain
. unserrated screw of the same dimensions is added to the

recording in Fig. 17. If this is done, one sees that the screw
loses 12% preload by partial rotation loosening and 39% by

-embedding, a total of 0.08 mm (0.008 in.), which corre-

sponds to the angle B. The total angle of tightening is 84

deg; this is 34 deg (C) more than the tightening angle 50 deg

(D) of an unserrated screw of equal dimensions. The differ- %‘
w
deformation of the flange during tightening (0.15 mm =

0.006 in.). The same picture shows the loosening process

of thie same screw C 1 under the same conditions except

that it is seated on a hard washer. The sCrew rotates ap-
proximately 60 deg and loses all its preload.
Finally, Fig. 17 gives the performance of a screw Cz,

which is of the same basic type. Loss of preload and vi~
bration product are the same when seated on a soft washer;

_however, the tightening angle is only 4¢ deg compared with

84 deg for CI; the reason being a less deep embedding and

a smaller elastic deformation of the flange. The rotation
loosening angle of 6 deg is approximately the same. A sig=-
nificant difference shows up when the screw is seated on
hard washers. In this case the screw C,, rotates loose only

6 deg after 3000 cycles, the shape of the angle diagram
indicating that the loosening process has come to rest after
6 deg.

Many more tests were run in the same manner with the
fasteners reported in Table 1. They were evaluated at dif-

ferent energy levels (zero load amplitude adjustments or

eccentric positions), recording preload, angle of rotation,
and vibration product, the latter being the electronically
computed product of displacement and transverse force. By
Only a few of them are reported in Fig. 17, to describe the '

- test procedure.

This mode of testing gives a quick basic knowledge of
the performance of a locking element, a2 disadvantage being
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that the number of cycles is not recorded. This can be
avoided by lifting the pen of the X-¥ recorder after fized
numbers of cycles, thereby creating interruptions in the dia-
gram to provide reference to the number of cycles. The
procedure can be recommended only for laboratories well
outfitted with electronic equipment. The testing requires
three bridge amplifiers, one X-Y Y, recorder, one elec-

tronic multiplication circuit, and one linear potentiometer
to record angles.

A similar setup of electromc recording devices is feeded
if the vibration product, preload, and angle of rotation are
plotted versus the number of cycles. When running the tests
described here, it was not yet possible to feed the electron-
ically multiplied values of transvesse force and displace-
ment directly into the Visicorder. Theyhad to berecorded
separatély and then multiplied manually. When processed
this way, the test result curves can be plotted in a way sim-
ilar to S=N curves (Figs. 18-19). The difference, however,
is that one does not obtain a cleardatum point (such as fa-
tigue failure) for a given test level whereas with increasing
cycles a more or less steep declining vibration product curve
can be plotted.

Either the curve goes through zero, which means that
the screw vibrates loose completely, or the curve reaches
asymptotically a final vibration product value, which means
that the screw has vibrated loose and the loosening process
has ended. The curves of low testing levels run flatfer than
the ones of high testing levels, and therefore they cross.
After all curves are plotted in one diagram, a tangent curve
can be drawn (V-N curve). This curve, being comparable
to an$-N curve, represents for each number of cycles the
maximum vibration product that the subject locking ele~
ment can take when subjected to transverse vibrations.

In the V-N curves (Figs. 18-19), every datumn point is
the average of three tests. The recorded V-N curves confirm
the theory of the influence-of thread fit on nonlocking screws:

- Serews with national coarse thread 3/8 in. (A and A ) hav-

ing a tighter thread fit than the ISO mewic screws M10
withstand a higher vibration product at high number of ¢y~
cles than do the metric ones. There is even a difference
between screw A 3 (tolerance 3A /3B) and screw A 5 (tol-

erance 2A /2B); the V-N curve of A3 runs out with a higher

vibration product than that for A o In the area of short cy-

cles the V=N curves of metric hex head screws run with
higher vibration product values, probably due to their larger
bearing area under the head as compared with the bearing
area of socket head cap screws A 9 and A g The V-N curves

fo::_A1 and B_ are approximately identical, the smoothspring-

1
washer (Bl) having no ability to lock.

The V-N curves of free spinning screws C and C are

practically horizontal; this means that these screws w1th-
stand the same high vibration product over a large number
of cycles. Merely by seating the screw Cl on a hard washer,
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Fig, 18 - Vibration product and preload versus number of cycles (V-
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the performance becomes inferior; however, the screw C

performs as well on hard as on. soft washers.
The disadvantage of the testing procedure just described

_ js that the V~N curves contain no information on the loss

of préload. To describe the perfermance of a locking ele-
ment completely in addition to V=N curves, so called FV-N

curves must be recorded, as has been done in Figs. 18 to 19.
E~F-N CURVES - The V-E'V curves (Fig. 17) as well as

the V-N cwves (Figs. 18-19) show that the maximum vi-
bration product is always close to the highest possible vi- -
bration energy that the machine is able to put out at the
corresponding eccentric adjustment (zero load amplitude
*d"). The fastener then either withstands this vibration
produet or rotates loose in relatively short time. It there-
fore appears to be advantageous to use the energy level

4 0
as a test 13\?61.

Beginning with the machine adjusted to produce a specific

(1)

‘energy level corresponding to the desired testing level, one
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plots as datum points those numbers of cycles at which the
fastener retains 80, 50, and 20% of preload during its process
of turning loose. After this is done for several testing levels,
one connects all points of equal percentage preload and
obtains E-N curves with the three preloads as parameter.

Figs. 20 and 21 show test results that were processed in
this manner. The E-F -N curves or abbreviated E-F-N

curves are not so p:emse as the earlier descnbed V=N and

F_V-N curves. However, they have the advantage of con-

taining the preload as parameter. If the designer wants to
select a locking element that must retain high preloads dur~
ing application; he will choose an element that has an 80%

E-F,~N curve at high energy values. If he is only trying to

keep the joint from total separation and prevent loss of the
fastener, he can select an element with a high 20% EF ~N

curve.

Besides the advantage just described, this resting method
requires only one bridge amplifier as the total recording
inswumentation. It is mandatory that either the manufac~
turer of the machine or the user determine conclusively the
spring constant CM of all load ransmitting parts of the ma-

chine. After this is done, the eccentric can be adjusted to
produce- the zero load amplitude d o which yields the de~
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SELF-LOOSENING OF FASTENERS

sired energy level according to the equation

C
_ (M) g2
Emax" (4) ‘10 (2)

As presented in Fig. 16, results gained from different
machines must be comparable, even if the spring constants
of the load transmitting parts are in theratioof 1:2. Fig.16(d)
shows that transverse vibration tests, run at equal energy

. E =E_ 1 i i
levels 1 (max) 2 (max) and on machines with spring

constants in the ratio of 1:2 resulted in comparable force/
deflection fdisplacement processes. If, as reference for the
test levels, the transverse force or the zero load amplitude
(eccentric adjustment) were used in the case of two ma-
chines with 1:2 spring constants, the results would be very
different force/deflection/displacement processes; see
Figs. 16(b) and (c).
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The procedure to generate E-F-N curves is as follows:

1. Adjust the zero load amplitnde with the ecceniric

of the vibration machine to obtain the first desired energy
levels ' '

o= <, @

2. Preload the specimen to 75% of proof load; read pre-
load off bridge amplifier.

3. During vibration process, read numbers of cycles cor-
responding to 80, 50, and 20% of preload F o indicated on
bridge amplifier.

4. Repeat process at lower energy level until the preload
does not drop below 80% after a predetermined number of
cycles. Run several tests at each energy level, similar to

fatigue testing, so that a statistical evaluation of the results
is possible.

C1 soft washer C2 soft washer
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Fig, 21 - Preload curves versus the number of cycles for various maximum energy level E-F-N curves for specimens

C1 C 9 on hard and soft washers



332

SURFACE INTEGRITY - The value of self-locking ele-
ments with serrated head bearing surface is often diminished
by the damage they cause to the surface of the clamped
parts, despite their excellent locking performance. They

cut notches in the surface of the clamped parts, which reduce

the fatigue swength of sheet metal designs as well as of other
machine components. The new vibration machine can be
adapted to evaluate this influence, too, as is shown inFig. 9.
Fig. 22 shows the test setup for a sheet metal specimen.
The specimens used for the tests described here were

made from 1 mm (0.04 in.) cold rolled body sheet, bent
into a U-shaped channel. The sheet metal specimens wete

" tested with two types of screws with serrated bearing surface
((31 and C 2). For comparison, tests with nonlocking screws

were run. The fasteners were tightened twice to 100% pre-
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Fig. 28 - Transverse force versus number of cycles, FT—N

curves for clamped sheet metal specimens
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load, unscrewed, cleaned, and seated for a third time to
100% preload prior to vibration testing. After taking out
the flat strips of needle bearings, the tests could be run like
standard pushpull fatigue tests.

The results are shown in Fig. 23. Some typical fatigue
faflures caused by screw C, are shown in Fig. 24, and those

caused by screw G, in Fig: 25. These tests make clear the

difference in the shape of the serration of the two screws.
C cuts an annular notch, triangular in cross sections, as:

can be seen in the washer left over from other tests’ (Flg 24).
The fatigue faflure occurs along that annular notch; as a
result, a washerlike piece is cut out by the screw. The screw
C has long radial teeth, the edges of which run out con*-

tmuously into a smooth outer bearing surface. The damage
done to the seating surface is minute, and therefore fatigue
failures occur away from the fastened area, as is shown in
Fig. 25. For this reason, the ¥ T-N curve of screw 02 is

close to the S-N curve of the undamaged sheet specimen.

Fig. 24 - Fatigue failuce of sheet metal specimens clamped
with free spinning self-locking screws C % shape of teeth

and removed washer after vibration

A s
p

Fig. 25 - Fatigue faflure of sheet metal specimens clamped
with free spinning self-locking screws C2; shape of teeth

and removed washer after vibration
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CONCLUSION AND FUTURE
TEST PROGRAM

Self-loosening characteristics of fasteners can be achieved
with a new vibration machine that generates relative motion
in the clamped parts perpendicular to the axis of the fastener.
Several values characteristic of the process can be measured
during the test. These include preload, transverse force,
displacement, and angle of rotation. The described ma~
chine is suited for further research work to study the mech-
ahism of self-loosening. It must therefore be equipped
with a series of electronic recording instruments.

The machine is also suited for large scale testing and
inspection testing. For this kind of work, only one bridge
ampiifier is needed to record the preload. When so equipped,
E-F-N cwrves can be recorded for large scale and inspection
tests. Thereby a quantitative testing of locking performance

‘of all kinds of locking elements becomes possible. The

fasteners are tested in a preloaded condition. Test results
of different locking types of fasteners such as those having
prevailing torque, and free spinning torque, and adhesive
type screws can be compared. The spring constant of the
machine must be known. -Results obtained from machines
with different spring constants must be comparable.

The following details must be resolved preparatory to
the specification of a standard test method:

C 1. Inﬂuéﬁce of screw length.
2. Performance of nuts tested on special externally
threaded inserts or studs.
: yration endurance limit; that is, after how many
s the- :self-rotation of a fastener or the loss of pre~
load’ come to rest.
4. Influence of hardness of clamped parts; specification
of standard test washers.
5. Influence of thread tolerance.
6. Influence of thread pitch.
7. Reusability.

Of special interest is the determination of that number
of cycles after which no more self-loosening occurs. The
exact shape, particularly the horizontal part, of all FV-N,

V=N, E-F-N, and FT-N curves presented in this paper is

not yet known because only a limited number of tests have
been run so far. It can only be estimated that the "vibration
endurance limit* is smaller than the fatigue strength of ma-
terials and structures.

Furthermore, tests should be run to establish the influence
of superimposed forces other than transverse forces. First,
screening tests using angles of 15, 30, 45, and 80 degshowed
that under an equal external force, screws loosened faster
when tested under smaller angies. It can be assumed that
the pure transverse force applied at an angle of 180 deg
represents the most severe conditions. The influence of
lubrication, tolerances, and surface finish should be investi~
gated. The question is whether there is a correlation be-
tween static tests (breakaway torque and so on) and vibration
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_tests. The answer to this will probably be fbund by statistical

methods.

When enough tests have been run to make it possible to
give statistically evaluated data concerning the locking
performance of locking elements (E-F-N curves, endurance:

limits for Fg = 80%, 50%, 20%b). then a true analysis of the

value of locking elements will be possible. In addition to the
then measurable value of locking performance the following
factors must be taken into consideration: reusability (a),
surface integrity and fatigue strength of clamped parts (b),
fatigue strength of clamping parts (c), compatibility with
démped material and hardness (d), installation cost (e),

and price (f). Factors (a) and (b) can also be evaluated
with the described vibration machine and the proposed meth-
ods. When a catalogue with E-F-N curves is established by

a large number of tests, short term tests with specific energy
levels canbestandardized as inspection tests, the minimum
number of cycles for FV = 8%, 50%, or 20% have to be

specified.

It was not intended to give at this stage of study an
evaluation of the locking performance of the tested speci-
mens. The results, therefore, shall only be considered as a
means for the demonstration of the operation of the vibra~
tion machine and for the discussion of several possible test
methods. A value analysis covering all the above mentioned .
factors will show which locking element is the optimum one
for the actual application.

SUMMARY

Preloaded screws (or nuts) rotate loose, as soon as a rela-
tive motion in the thread takes place. This motion cancels
the friction grip and originates an inner off-torque propor-
tional to the thread pitch and to the preload. The inner off-
torque rotates the screw loose if the friction under nut or
bolt head bearing surface is canceled by relative motions.

A dynamically loaded joint fails in most cases either by
fatigue or by rotation loosening of the fastemer. Even the
fatigue failure is often initiated by partial loosening. If it
is impossible to avoid relative movements by design, self-
locking screws must be used. This means either that relative
movements in threads must be diminished or avoided so that
the formation of the inner off-torque will be thereby pre-
vented, or that the formation of inner off-torque must be
blocked up in the head or nut bearing surface.

Dynamic transverse forces are more dangerous than dy~
namic axial forces. Axial forces cause relative movements

~ through expansion of the nut thread; transverse forces cause

relative movements through rocking action of the screw in
the internal thread (or rocking motions of the nut on the

- external thread), The relative motions caused by transverse

forces are larger.

No existing dynamic test method measures the locking
performance of locking elements. A new vibration machine
is described which gencrates transverse forces and displace-
ments in preloaded joints as well as combinations of wans~
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verse and axial forces. Displacement, ansverse forces,
preload, and angle of rotation can be measured. Addition-
ally, the fatigue swength of bolted sheet metal joints can
be evaluated, which is a means of rating the damage that
a locking element causes to the surface of the clamped
parts. '

Varfous test methods using different recording instruments
are described and discussed in relation to nonlocking and
self-locking screws of sizes M10 and 8/8 in. NC. The in-
fluence of thread fit on the loosening resistance of nonlock-
ing screws, the influence of the shape of the serration of
free spinning screws on locking performance, the influence
of frequency on the self-loosening process, and fatigue
strength of clamped sheet specimen were studied.

Finally, a simplified method for large scale testing and
inspection testing is proposed for which only one-bridge.-

amplifier is needed with the vibration miachine. Thismethod .

produces energy/number of cycles curves (similar to S-N
curves) with 20, 50, and 80% preloads as parameter (E-F-N
curves). This test method could be developed into a stan-
dard test method afier solving some detail questions. It
would yield measirable values for the locking performance
of muts and bolts under dynamic loading. It could become
the basis of a real value analysis for the use of locking ele~
ments.
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SYMBOLS AND ABBREVIATIONS

d

Displacement of clamped components under
transverse force, mm or in.

Displacement of U-shaped top part of vibra=-
tion machine in unloaded condition (zero
load amplitude), mm or in.

Major diameter of thread, mm or in.

[=1
It

[= TR ~¥
1l

1l

Pitch diameter of thread, mm or in.

@0
i

 Dilation of nut under axial load, mn
Amount of embedding @Brineling, "Setzen.”
plastic deformations) during dynamic dy-
namic Joading of a joini, mm or in.
Tightening or torque factor, which considers
the preload deviations caused by differ-
ences of friction coefficients and applied
torque in the design equation for bolted
connections
Spring constant of load transmitting parts
of vibration machine, Fig. 16 (a); kgf/
mm or b/in. ‘

N
il

e
il

9]
1

max

= =

max

off

g
i

!

E-F~N curves

F_-N curve:
Tc 3

FV-N clurves

V-N curves
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Spring constant of clamped plates or com=
ponents, kgf/mm or 1b fin.
Spring constant of screw, kgf /mm or 1b/in.

1

= Friction diameter of a.bolt head or nut,
mimn or in. :
= Energy for elastic deflection of a boltin a
transversely loaded joint during 1/4 cycle,
mm kgf or in.-ib
= Energy absorbed by friction in a sliding
joint during 1/4 cycle, mm kgf or in.-1b
= Maximum output of vibration machine for
a certain eccentric adjustment, mm kgf
or in.-1b :
= Axial force in a fastener, kgf or 1b
= Maximum axial force in a prestressed fas-
tener under working load, kgf or 1b
Residual clamping force necessary for main-
taining grip friction of clamped compo-
nents, kgf or 1b
= Transverse force in a bolted joint as well
as in the vibration machine, kgf or Ib
Transverse force in vibration machine with
eccentric adjustment d o kgf or 1b

1]

1

)

Preload in a fastener, kgf or 1b

Working load in 2 bolted joint, kgforlb”

Loss of preload in a bolted joint by em~
bedding, kgf or 1b

Weight, kef or b

Transverse force for moving loads resting on
a horizontal plane and a slope, kgf or b

Off~torque for a threaded fastener under
static conditions, m kgf or in.-1b

Vibration product equals displacement “d"
times transverse force F T in a wansversely

1

1

vibrated joint, a significant factor for the
locking performance of a self-locking
fastener, mm kgf or in.-1b
Angle of load deflection curve of load trans=
mitting machine parts, deg
Slope angle and helix angle, deg
Coefficient of frictionin threads, p=tan p
Coefficient of friction in threads, under
head or nut

1l

H

= Cuves of constant preload for certain vi-
bration energy levels versus number of
cycles,

Transverse force versus number of cycles,
significant for surface integrity of clamped
components g

Decreasing preload under transverse vibra=
tion versus number of cycles

Vibration product versus number of cycles
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