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ABSTRACT

Force and stress distribution, conditions of initiation and propaga=
tion of cracks in threads of model bolt (stud) joints at low cycle
loading have been studied. The experiments were made on threaded jg—
ints having diameters from 8 to 52 mm with number of cycles 1-5.107.
During the experiments, forces, general strain, crack length and the
number of cycles were measured., It is shown that with the increase
of loads and number of cycles, local plastic strains arise in thre-
ads and lead to static and cyclic creep. Cracks appear in the first
thread. Their rate is described by equations of Paris-Forman typee.
The final fracture is described by equations of linear fracture me-
chanics. Formulae for life calculation are given,
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PREFACE

Threaded joints are important elements of many machines and instal-
lations, defining in many cases the strength and life of the whole
structure. Because of the high demands to structure reliability, du=-
ring calculation and designing of threaded joints there usually ari-
se the tasks of achieving static strength and durability under vari-
able external loads on the stage of crack initiation. The supporting
power of _threaded joints under static ( N = 1) and multi-cyclic

(N > 10%) loadings has been sufficiently studied up to the present
moment (Serensen, Kogaiev, Shneiderovich, 1975; Heywood, 1969, etc.)
The increase of working parameters of modern highly loaded devices
leads to an essential increase of structural elements strain; there-
fore specif&ed life (the general number of their loadings) may be
equal to 10°-10% cycles (low-cycle loading range).

However, up to the present time the particularities of the processes
of strain and fracture of threaded joints under low-cycle loading
have not been sufficiently studied because of the complexity of both
theoretical and experimental research of processes taking part in
coupled elements (stud-nut) (Snow, Langer, 1967; Norms, 1973; Kagan,
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Liao%avichius, Kazmitskas, 19763 Zatsarinny, Ioselevich, Kagan,
1979).

Due to increased nominal stresses, non-uniformity of force distribu=-
tion and stress concentration under repeated low-cycle loading,plas-
tic sbtrains arise on the thread root.

Alongside with local plastic strains, %o the features of initiation
and growth of low-cycle fatigue cracks in threaded joints belong re-
duced life on the stage of crack formation and brittle ultimate fra-
cture due to the high strength and reduced plasticity of the metal
of bolts (studs).

EXPERIMENTAL PART

The experimental research program envisaged the studying of the sup-—
porting power of threaded joint models (stud-nut, stud-body) under
static and cyclic axial loading, taking into consideration their
structural forms, scale factor, production process and the kinetics
of cyclic fracture in zones of high stress concentration and stra-
ing (of thread roots). For life calculation estimate of threaded jo-
ints on the stage of crack initiation, analysis data of local elas-
to-plastic strains and low-cycle fracture curves have been used.

The tests were made at room temperature on stud joints with diam.
from 8 to 52 mm; the number of cycles to fracturing was from N = 1
till N = 5.10%., The maximum stresses of the cycle varied in the ran-
ge from O,4 till 1,4 from the yield limit 602 ; the coefficient of
loading cycle asymmetry R varied from O to 0,6; loading frequency
was not larger than 10 cycles/min. For studs were used low-alloy
steels with mean mechanic properties given in Table 1. In all cases
nuts of compression were used; the dimensions of the nut (its height
and external diameter) widely varried. According to the standard re-
commendations for steel threaded joints the nut height 1is usually
equal to (0,8-1,0)d; the screwing length in the joints stud-body is
(1,2-1,6)d, where d is the thread diameter.

TABIE 1 Mechanical properties of studied steels

6Y b W §. Used for pro- Stud

Steel ducing size

MPa %

25X1MP
Normalization 935
1030-=1050°C
tempering 630-650°C
25X1MP
hardening 900°C 750
tempering 650°C
12X 2MPA
normalization 455 525 75 +

1035 58 16 + + + M20

1055 50 18,5 + + + M24x1

For estimating the loading of threads, strain measurement of foxce
values under conditions of static and repeated loading was made.The
parameters of material strain and fracture have been defined on sta-
ndard cylindrical specimens.
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Studs, nuts and bodies have been made by means of turning. The thre-
ad root of the nuts (bodies) was made plane cut, and the thread ro-
ot of the studs - both curved along the radius and plane cut, The
radius of curvature of the thread root was 7 =(0,108=-0,144) S ,whe-
re S§ is the pitch of thread in mm., The control of the parameteres
of stud thread was performed on a universal stage microscope; the

control of the parameters of nut thread was made by means of a set
of gauges.

The studying of the process of fracture in a model threaded joint
(Flg. 1a).was made by means of the luminescentmagnetic method and
optical microscope, The stud (1) was loaded by an axial force P
transferred to the nut (2) and flange (3) through a system of in-
termediate elements (4), The displacements between the ends of the
guttﬁndtﬁhe %}ange wgre measured by a tensometer (5). The forces P
in e time varied in a pulsatin R=0 d i =
and R=0,6) cycle (Fig. 1b).p 2 i iy

Fige 1. Scheme of the structure unit and loading

scheme.

The analysis of force distribution in threads and of the stressed
state in the thread shows that in the stud-nut joint approximately
1/3 of the applied to the joint load falls on the first (from the
nut bearing surface) thread. Exploitation practice and the results

of experimental research show that cyclic fract i
ce in this location. y Dbl siaat: il

The most loaded place in coupled thread is the point (in the t

root of the stud), near to the beginning of theptransgtion froiriig
arch of the curvature radius to the rectilinear part of the thread
profile (for the thread with a curved profile of the root when % =

= 0,144 S ). For threads with a smaller value of 7 <0,1-S the most
loaded place is in the middle of the arch; for plane cut threads -

= in the point of intersection of the rectilinear part with the cut-
-off line. The crack is initiated just in this place (Fig. 1c).

The direction of the initial crack development accordin i
corresponds to the direction of the greatgst tangentialgsggegggQiQE
successive transition to the direction perpendicular to the stud
axis. The inflection point is on the depth 0,2-1,5 mm and its place
depends on the level of applied maximum stresses, material proper-—
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i i igi i duction. Schemati-
i ioint dimensions and precision of their pro on. S
Z;iiénag; the kinds of low-cycle fracture of threaded joints is
shown in Fig. 2.

i joi i trength on the stage
lation of the threaded joints cyclic s > g
E?GCEZiiufgrmation is made with use of degrge_equatlgns of %anign
-Langer type and strain concentration coeff}01ents& e which a
larger than theoretic concentration coefficients 6

f 100 G4/ E
= n L + 6-1 {1t7e
ba= e E O To0-7 T e EL T

where 5a=‘%?& Ke is the amplitude of local cyclic strains, defin-

initiati i f nominal stresses;

i ck initiation; Ona - the emplitude o inal 5 1

1%5 Eh:lgg%ic modulus; U} - necking; 6-/ - fatigue limit; m 0y55
te= Emin/Emax ~ coefficient of strain asymmetry.

i i defined on the
iti of crack formation in the t@read root,
T%:sggng;ttggg equation, are established with taking into accgungas_
the increase of concentration effects due to the appearagce o gntra-
tic gtrains. Taking into account these strains, the strain conc
tion coefficient (Makhutov, 1971).

2 m,
oég/m )

Ke = 6 n(,_mo)[f_(%’;-o%g)]/(”mﬁ
(d6 5, )

. E : dex { B s
: by i d limit; Mo - the strengthening in

Yh%;eae /% 1§,g§e)¥1gie increése of the coefficients of stress asym-

ietg& at pgé—set amplitudes causes stuq life decrease. T%e a?ovge

equation can be used for life calculation of large diameter (mo

than 100 mm) studs.

initiati tion, at a low number
age of crack initiation and propaga » .
g? igzdigggcycleS, loading qombiﬁeslw1t% crgegogggaieéiﬁzgégg ngro—
the bolt stress beginning with the levels o : goo0s apns
i : i lic creep) (Zatsarinny, Iosil )
ximately 0,6 692 (static and cyc _ a e ]
initi tud tightening ( N = 1) the creep inc
Kagan, 1979). At initial s Y O e
i increase of stress and dwell time 3 at o
igingltgrggz igg relaxation processes slow down substantially (Tab
le II

i i t static and cyclic
» ITI Accumulated creeps in the stud a :_
TADLE Toading on the stress level 6max = 602

Dwell Creep, %
t’%m,zmin Static loading Cyclic loading
N = 1 cycle N = 100 cycles N = 100 cycles
O4 0, 0044 0,0022
1 8:665 0,007 0,0036
100 0,09 -
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The analysis of isocyclic and isochronic static and cyclic strain
curves for different cycle numbers N and dwell times 7T permits to
calculate the processes of creep and relaxation for establishing
the tightness and working capacity of threaded joints.

The abovementioned strains lead to the decrease by 4=7%
ing forces at nominal stresses 6n <62,

The kinetics of crack development is characterized by the initia-
tion of crack along the first loaded thread, by fast crack growth
along the circumference of the first thread and by decrease of

crack rate into the depth of the cross section. At stresses which
are near to the yield limit 652 , the outline of the crack front

is near to circumference, displaced from the cross section centre

of gravity (Fig. 2a). Which the decrease of the cycle maximum stres-—
ses the outline becomes ellipsoidal (Fig. 2b). When the value 6max =

?,5 '502) is reached, the ellipse is displaced and touches the root
Figs 2¢c).

of tighten-

bmax
‘ M%ZX b“T \\'\ o -L=315~n-0u = 10mm
800 -1 5 . \\; & - 25mm & - 50mm
) S e
@ i
¢ 400 e oo A%
03 10% N

Fige 2, Schematization of the
kinds of low-cycle stud
fracture,

Fig. 3. Resistance to low-cyc-—
le fracture of joints
stud-nut M20 and
M24x1 from steel
25X1M®,

The fatigue fractures of the studs can be divided into 3 zones: the
crack initiation zone, the development zone and the zone of accele-
rated development in the last cycles before ultimate fracture.

The interaction of adjacent threads of the nut and the stud influ-
ences the crack propagation and its expansion angle. Therefore the
transition from the zone of crack accelerated development to the ul-
timate fracture takes place under conditions which make difficult
the process of brittle failure. The transition from accelerated fa-

tigue failure combines with tough failure, decreasing the zone of
brittle ultimate fracture.

When the radius of curving at the stud thread root decreases

(® < 0,108'S) or when the root is plane cut the crack propagation
character changes. The crack propagation in the thread root along
the circumference ~& takes place during a small number of cycles

and tenacity of such threaded joint mainly d%gends on the crack pro=-
pagation into the depth of the cross section « The characteristic
view of the fractures during tests on low-cycle fatigue of threaded
joints from M8 to M52 does not practically change.

T'igure 3 shows the data on the resistance to low-cycle fatigue of
the threaded joint M20 stud-

nut at R = O on different stages of frac—
ture, and threaded joint M24x1 at ultimate fracture (experimental
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points and envelopes). Depending on the level of cycle maximum stre-
sses the ratio of total life on the stage of crack formation decrea-
ses at the decrease of loading level (the increase of the number of
cycles to fracture) and changes from 3,5 to 2 at the change of maxi=-
mum stress from fmaz = 1,1-602 %O 6max = O,4 - 652 » The investiga-
tion of the influence of design and technology of production showed
that the life of joints, made by means of turning and grinding, is
approximately equal both relative to the crack initiation and ulti-
mate fracture. The life of the joints stud-body (body of 12X2MPA )

is longer relative %o crack formation approximately by 10% and re-
lative to ultimate fracture - by 10-20%e The joints stud-nut with

a plane-cut profile of the stud thread are less durable relative

to ultimate fracture than the joints with studs having a curved
thread profile ( T =(0,108 = 0O, A44) -5 D

The research of the scale influence on the resistance to low-—cycle
fracture showed that the scale effect is the strongest in the dia=
meter range from M8 to M16, and at the further increase of thread
diameter its influence decreases. The increase of the absolute di-
mensions of bolt section causes the decrease of fracturing stress
amplitudes according to the exponential law, with the increase of
the diameter, and leads both to an earlier crack initiation and fi-
nal fracture (Fige % ).

6o MPg, J
Ey] N\ S O GO
280 T )
O-\— s
oy
240
0 20 40 60 dmm

Fige 5. Crack growth rate in
joints from steel
25X1M@(normalization):
comparison of experimen-—
tal results (o, 0, X
with theoretical rezults
(15 25 2 )»

Crack rate in threaded joints, depending on its depth (length), is
well described by an exponention function of Paris type (Fige 5)

Fige 4. Influence of stud-nut
joint dimensions on the
resistance to low-cycle
fracture (steel 25X1%¢,
normalization N = 10
cycles).

¢ - crack depth (length) (see Fig. 1); ¢, N - parameters, ob=—
tained from the experimental results.

Tor the tested joints M20 the eritical crack depth varied from 3 to
7 mm. The growth of the loading cycle asymmetry coefficient from O
to 0,6 increases the critical depth to a very small extent. Fige ©
represents the data on the crack rate for 3 values of the asymmetry

coefficient AR at 6bmgz= 760 MPa.

dv mmio”
an

0 Wy 0

‘Fige 6, Fatigue crack growth rate de
g C pending on
%ggeiin§§§1ﬁg the joint stud-nut Mgo
normali i =
el e ) alization 6ppx =

For the description of crak rate in threaded joints, depending on

the range of i 3
sl va%id: stress intensity factor 44 , equations of Forman type

db wnrcifakl’
aN  (1-R) Kg -ak
The final fracture is defined by the critical value of the stress

intensity factor «¢ The crack path d
0 ® e
tensile and bending stresses at tﬁe threggnggog? S et

The calculation results and e i i
el il bl correlatigg?rlmental data on this dependence

The stress intensity factor 4K and K¢ for the above schematiza-

tion of fracture forms i

= o (Fige. 2) wer i 3

Vs S S R . e estimated a rding formul
(Panasiuk, Andreikiv, Kovchik, 1977) CCpEGLuge Laruulle

p
AK: ,A— & pc
g Y i g

where

v = 07978 V@RL-1-S/) (/)] [1+11+3(5/D) (0/d~11]
{1+ (2 '3/ -08012)-d/D’

For joint ol S
+1303MPa ;1§5?m steel 25X1M®P the value K,; 1is in the range 120+

CONCLUSIONS

The obtained above experimental 4
s : ata are used for defini -
fzgntgeggggggggslwgllg esgimating life and safety fzgtg;gg ;ii;uéi
¥ o life for ifferent stages of stud (bo 3 =
ii%e% in the limits from the moment of crack initigtiig)(i?mfgg o
o its critical value ¢ = €t o
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