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Fatigue life prediction for threaded joint
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1. Introduction

Large equipment such as heat exchangers, steam
generators and other pressure vessels are provided with
bolted closures for the purpose of in-service inspection and
maintenance of internal components. In this case, it is often
found that the bolt/stud is the most critical part. In many
situations, the studs fail to meet the fatigue requirements
for design life of the equipment.

Low fatigue strength of important threaded joints
is defined in accordance with the ASME code [1] or Rus-
sian Federation standard [2]. These methods require the
maximum stress concentration in thread root to be evalu-
ated and this can be done without using a knowledge of the
load distribution along the thread helix. However the theo-
retical prediction of the fatigue life in this way often is
difficult. This is because of the effects of load distributions
in the thread caused by different structural parameters
which are designed in a wide range of dimensions. Trust-
worthy way for more exact analitical calculation of the
stress at the thread roots is direct use of load distribution
data. It is unavoidable, when in order to increase cyclic life
of threaded joints advanced techniques are used. For ex-
ample, the data of loads and fatigue damages distribution
in thread roots is essential in calculating the fatigue life
increase of a threaded connection at periodic change of nut
and stud mutual position [3].

In the field of high cycle fatigue a several meth-
ods have been suggested to evaluate the fatigue limit of a
bolt by employing appropriate theories or empirical laws to
calculate the load along the thread helix followed by the
maximum stress concentration and then the fatigue limit.
The comparison of these methods is performed in [4].

These methods are based on the concept of elastic
state of the thread when calculating of load distribution in

the thread and on assumtion of limit state of a threaded
joint as complete failure of the bolt.

In the case of low cycle loading the distribution of
load along the thread helix considerably depends on plastic
deformations of the mostly loaded firsts partly and fully
engaged turn couples in the threaded joint [5-7]. The ana-
lytical method for the calculation of load distribution in
thread which evaluates characteristics of elastic-plastic
deformation of the turn couples was proposed and devel-
oped in [5, 8].

The object of this paper is to assess potential of
above-mentioned analytical method in predicting fatigue
life of threaded joints by combining this method with stan-
dard [2]. For this purpose calculation results have been
assessed against fatigue test data which are expressed in
terms of numbers of load cycles at fatigue crack initiation
in studs/bolts of threaded joints.

2. Distribution of loads and stresses in the thread

Loads over the threaded joints’ elements mostly
depend on the distribution of load in the turns. This distri-
bution was calculated applying the methods presented in
the publiations [5, 8], which involve improvement for es-
timating overload of a threaded joint.

According to this method, a threaded joint shall
be divided into five main segments H; (i =1-5), where

the turns pliability y within these segments is either con-

stant or variable Fig 1. Any of the main segments might be
divided into some more segments H, (c=1-4), if a
specific cross-section appears within this segment, mean-
ing the cross-section where plastic deformation of the
turns, of the stud core or of the nut’s wall starts to develop.

q,(2); v(z)

Fig. 1 Threaded joint divided into segments: a — segments, b — evolvent of engaged turns, ¢ — turns’ deformation character-
istics, / — stud; 2 —nut; 3 and 4 — evolvents of engaged stud and nut turns’; 5 - craks



For instance, in Fig. 1 we see a case, when, due to
plastic deformation of the turns, shown by bold line, there
appear the segments H5, and H,,, whereas, at accident of
overloading of the threaded joint, due to plastic deforma-
tion of the stud core and of the nut’s wall, shown as dark
areas, there appear the segments Hy,, Hs, and Hs;.

Deformation characteristics the turns of a full or
not full profile engagement can be set experimentally, by
performing the tensile test of one the couples of turns [5,
8]. Then deformation of turns couples in the threaded joint
at any coordinate of contact z; is expressed as broken

turns deformation diagram Fig. 2.
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Fig. 2 Deformation diagrams of turn couples: / — on boun-
dary of segment, 2 — wthin segment

One coordinate of this diagram is axial load inten-
sity on turns ¢, when the other coordinate is the deflection

of turns couple J. Pliability of the turns is
7.(z,) = ctga_(z,), where the indexes ¢ =1,2,... define the
phases of turns deformation, g, (z,) is yield load intensity
of the turns, at which deformation phase ¢ begins. In
Fig.2 6y, is constant indices of turns deformation dia-
gram, the first of which is always J,, =0.

In the middle segment H, where the turns are
engaged over the full profile and depth of turns’ engage-
ment is 7, (Fig. 1, b). The turns pliability and yield load
intensity does not change along all length
7:(z3) =y, =const and ¢(z3)=q, =const (Fig. 1, ¢). In
the boundary segments of the joint, i.e. on runouts, where
their length is H, = H5 = P, due to the changing depth of
turns’ engagement 7,(z;) their pliability is varying being
7:(21) = y.(z5) # const .

Within the two short transitional segments H,
and H, the turns are engaged over the full profile (Fig. 1,
b) but, due to the different boundary conditions their pli-
ability undergoes slight changes here — changes from .
up to ;/; (Fig. 1, c). The experiments [9] prove, that fa-
tigue cracks most frequently originate within the segment
H,.

The system of turns’ deformation diagrams
(Fig. 2) used here, shows the following characteristics rela-

tions for deformation of the turns within segments
i=1,2,45
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where g,.(0), 7.(0) and y_,(0) are characteristics of the

turns deformation on boudary of a segment at z, =0 .

Now deflection of the turns couple in any seg-
ment can be described as follows

5(Zi):7g (Zi)q(zi)_50g :5_g(Zi)_50g 3)

Schematically linear diagram of material’s defor-
mation for the stud core is presented on Fig. 3.
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Fig. 3 Deformation diagram of stud material

Material characteristics of the stud are the follow-
ing: R, is stress at the beginning of any material defor-
mation phase o ; E, =1g¢,  is modulus of the material
hardening in deformation phase, @ ; &, are constant
indices of material deformation diagram, the first of which
is always &, =0. Here R, =0, R, is yield stress,
R, <R, <R,, (R,,R,,- proportional limit
and proof strength in real stress-strain curve of the mate-
rial) and E,; modulus of elasticity.

yl,s s

where 2

The same characteristics apply to the nut’s mate-

ria: R ., E,, and &y, ,, where @ =1, 2, ... is index of

nut’s material deformation phase.

The representations, needed to calculate deflec-
tions of the turns’ and also loads intensity can be obtained
by using equation for the displacement compatibility of
threaded joints elements’. The equation for a joint with the
compressed nut looks as follows [10]

Azsi + |Azni

=5(z)-5(0) 4)

here Az and |Azni| variations of the stud and nut length

in the segment i. Taking into account the fact that the turns'
couple, the stud core and the nut wall may get into elastic
or elastic-plastic phase of deformation, Eq. (4) can be de-
veloped as follows
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here z=2z;, Q,,(0) and Q,;(0) are the forces on the stud

and nut boundary respectively, according to Fig. 4.

By using Eq. (3) and after differentiation of Eq.
(5) two times, the following differential equation was ob-
tained:

57z )—| Loo_|5(z)=0 ©6)
7:.(z)

For the segments, within which pliability of the
turns does not change over all length of the segment, i.e.
7.(z) =y, = const solution of the Eq. (6) is as follows
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are cross-sectional areas of the bolt core and nut wall.
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Fig. 4 Boundary conditions on a segment

As in joint segment the deformation of the turns’

couple takes place during the first phase
7.(z;) =y, =const , while both the bolt and the nut are
being wunder the elastic deformation: E, =E,,

E_ =E,, , thatis (6) the Birger’s differential equation and

(7) its solution for defining the load intensity on the turns
[10].

In such cases, as in one of the segments the turns’
pliability varies, when y_(z,) # const , for the solution of

Eq. (6) the next expression has been used
Bow V. (zl.) =@’ (zi)+ @'(zi) (8)

where @(z;) is a selected function, depending on z;.
Then, Eq. (6) can be solved as follows [§]
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For the turns that are getting out of engagement (concern-
ing segments H, and Hs) by using 43(2) =Ve"™ we get

the following expression

_ Kevz K‘)vz 1 t t2
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Vo
here t:t(z):—27e V=V V=Y., 2=z . Fac-

tors V,, . and power exponents v, . can be defined ac-

cording to the test results of the turns’ couples, engaged
over the incomplete profile [8]. They have been defined by
using the known turns’ pliabilities in one edge of segment
H, or Hs where }/; =k,

. atz;=0 (y.=1.1), and also

the experimental turns’ pliability factors in the middle of
the segment n(z, =H,;/2)=1.67y, and
7,(z,=H,;/2)=22y,.

In order to solve Eq. (9) with regard to the transi-
tional segments H, and H,, by using @(z,)=Usin(az,)
we get

2|
.-'>

here U=U,, , a=a

a can be defined by using the already known pliabili-

[OloRy

z=z;. Factors U and

0z G 0w ,G
ties of segment H, or H, in the edges y. and 7/:.

The unknowns: the boundary segments forces
0,(0)=|0,,(0)| and O (H,)=|0,(H,)|, that are shown in
Fig. 4, and factors 4; and B, of Egs. (7), (10), (11) are

estimated by using the system of equations, which ex-
presses boundary conditions

5(Zi:Hi):5(Zi+1 =O), QS(Hi)ZQs,HI(O) (13)
The load intensity ¢(z;) of the joint thread turns

is defined using Eq. (3). The equation for calculating the
stud’s core or nut wall’s axis force is designed by using the
first derivative of Eq. (5)
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The alternating maximum local stresses in the
thread roots of the stud have been calculated according the
formula [11]

(15)

here K,, K,, are concentration factors of the stresses due

to the axial force and the stud turn load respectively; f'is
the turn’s contact surface projection into the plane, perpen-
dicular to the stud axis; P is the thread pitch. The values of
elastic stress concentration factors, defined in [11] are:
K,=2 and K, =1.95, at the turns’ root rounding radius

0(z)/10, kN
¢ (z), kKN/mm
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is R =0.144P.

Fig. 5 shows distribution of the loads and of the
local stresses in joint M20x2.5, the length thereof being -
H=16mm are presented. The parts of the joint are made of
steel 25X1M®. Mechanical properties of this steel are in-
dicated in Table 1 as steel I. The turn couples, made of this
steel, the deformation characteristics are g, = 17.3 kN/mm,
71 =3.78x10" mm/(kN/mm), 7= 12.8x10" mm/(kN/mm).
Bold lines 4 of Fig. 5 designate the segment of the joint , in
which deformation of the turns takes place under the sec-
ond nonlinear phase, where g(z) > g,(z), and bold line 5
designates the segment of the joint, where the stud’s core is
plastically deformed, where O(z) 2 R, 4;.

Distribution of the local stresses — Fig. 5, b makes
it possible to define position of the dangerous section C of

the stud zc as well as the highest local stress o, (z.),

which is used in order to calculate the cyclic life until the
moment of formation of the crack in the stud.
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Fig. 5 Distribution of loads (a) and thread root stresses (b) in stud: 7, 2, 3 - O(2); 1%, 2%, 3*- q(2); 4 - 9(2) > q,(2); 5 - O(z) >

> Ry.vA.v; ]; ]*7 1% GS/R[)OQZ 0595 2; 2*5 2% GS/R[)OQ

3. Cyclic life of the threaded joints to initiation of the
crack

Cyclic life of the studs, prior to origin of the crack
N, , has been defined in line with the standard [2], using

the data, obtained from the distribution of relative elastic
stresses (15). Taking into account the fact, that load distri-
bution in the joint is not analysed in the specified norms,
we have considered the possibility to apply these data in
the standard [2] and varify by comparison of the calcula-
tions results with the experimental data.

Two Coffin-Manson-Langer type formulae are
presented in standard [2]. The smaller value N, has finally

been chosen out of two assessed values. These equations
applied to the stud, no safety factors considered, are as
follows

. E e R
O-é — 1s™c + —1

“(aN)" 1R, /R, )[(14n) /(1) ]

(16)

(17)

=0.85; 3, 3% 3** g/Ry,=

1.06

here R_; is fatigue limit stress of the material, R, is tensile
strength; e, is material plasticity index, m and m, are expo-
nents of power, . is asymmetry factor of the local stresses
cycle, R, is material strength index.

In this case, o

s,a

is amplitude of conditional

maximum local stresses in thread roots of the stud is calcu-
lated by using only one stress concentration factor K and

at the turns’ root rounding radius R , is to be calculated
according to the following sequence

Uz,a =K,0,,, K, =1+1.574P/R

R=0.144P, K, =K, (18)
and, for flat roots - according to the similar sequence

o, =K,0,., K, =1+1.57/P/R

R=011P, K, =12K, (19)

where stud nominal stress o , is



)/2 (20)
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and K, is effective factor of stress concentration. Other
values, employed in the Egs. (16) and (17), are being as-
sessed according to the following equations

R,=(0.54-2:10"R,)R,
e, =0.005Z—(c"
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R =R, (1+1.4:10°2)

and
m, =0, 1321g[(Rm /R, )(1+1.4-10’ZZ)J

here Z is percentage reduction of area of tension specimen,

Oy max 1S Maximum conditional elastic stress over the cy-

cle.

By using local stress distribution in the threaded
joint, defined under the method presented in Section 2, it is
possible to calculate the number of cycles Ny(z;) until the
crack appears for any turn of the stud, as well as for the
dangerous section Ny(z.)=Nyc thereof. This option has been
analysed in the present work, in order to calculate local
stresses according to the formula (15), and for the number
of cycles — according to the formula (16), and also accord-
ing to the adjusted formula (17). So, the cyclic life calcula-
tion formulae took the following form

G:,a (ZC ) = Elxet m + R71 (2 1)
[4N,(z)] 1+£1+}”£
Rn1 1 - rL'
O o [ T — R 22)
A) [4N0 (Zc )]m

me | 1HT,
[4Ny(z)]™ + 17

¢

where the power exponent m, , adjusted on the basis of the
experimental data, received the following expression

To keep the same influence of the thread root
rounding as in (18) and (19) the expressions for both stress
concentration factors have been designed - for rounded
roots

K, =025+0.65VP/R
K,=03+0.65P/R, R=0.144P 24)

for flat roots

K, =1.2(0.25+0.65JP/R)
K,=12(03+0.65JP/R), R=0.11P 25)

In the course of analysis aiming to find out
whether Egs. (16), (17) and (24), (25) are appropriate for
such an assessment, the calculations data have been com-
pared versus the findings of the threaded joints tests, that
had been carrying out for the long time by the authors at
the Laboratory of Strength Mechanics of Vilnius Gedimi-
nas Technical University.

Mechanical properties of the materials of stud-nut
joints (mean values of the characteristics) are given on
Table 1. The dimensions of metric thread were as specified
by ISO 724. Tests temperature 7, K and the number of
performed tests are presented in Table 2. Cyclic life tests
of the threaded joints have been carried out under axial
cyclic loads (as the load is being monitored), the asymme-
try coefficients of which were R = 0; 0.3; 0.6.

Magnetic luminescent powder method has been
employed to define the start point of crack initiation in the
stud. Detection of formation of the crack in the stud is be-
ing performed on the routine basis by knocking down a
joint [9, 12]. After each proof inspection, by using auxil-
iary nuts with pins, no load applied, the joint is assembled
in such a way, that in the course of further testing, position
of the nut relative to the stud remains unchanged. Now,
such a dangerous state of the stud’s thread roots, when the
depth of macro crack and the length round the periphery
thereof reach (0.1-0.5) mm and (3-6) mm, respectively is
considered to be the crack initiation.

In case of threaded joints M20x2.5 made of steel |
with the rounded off as well as with the flat roots of the jo-
int, cycling life until the crack formation moment in the
dangerous section Ny reached 10° load cycles. As an ex-
ample: Fig. 6 shows the calculated data and also the expe-
rimental data for these joints with the flat roots of the thre-
ad, the assessment being performed at: R =0. In case of

me =0~78(Z 10_2)—0-26(&”10_3) 23)  threaded joints M20x2.5 made of steel I with the rounded
off as well as with the flat roots of the joint, cycling life
Table 1
Mechanical properties of the materials
Steel Steel quality Heat Treatment T E Ryo2 Ry Z
Nr. K GPa MPa MPa %
I 25X 1M normalization 1213K, tempering 913K 293 210 900 1020 58.5
11 25X1MOD hardening 1486K, tempering 1186K 293 210 950 1100 60.2
1T 25X1IMO hardening 1486K, tempering 1186K 593 200 847 960 62.5
11 25X1MOD hardening 1423K, tempering 1173K 593 200 705 800 63.5
v 20X1M1D1TP hardening 1526K, tempering 1226K 293 200 820 880 62
v 20X1M1D1TP hardening 1526K, tempering 1226K 593 200 735 840 63.5
\Y 38XH3IMDA hardening 1411K, tempering 1186K 293 210 980 1100 62
\ 38XH3MODA hardening 1411K, tempering 1186K 593 200 800 950 66
VI 06X13H7]12 hardening 1323K, tempering 823K 293 200 851 996 64.1
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Fig. 6 Fatigue life of threaded joints M20x2.5: [ - calculation as per formula (16); 2 - calculation as per formula (17);
1* - calculation as per formula (21); 2* - calculation as per formula (22); o — experimental data

until the crack formation moment in the dangerous section
Nyc reached 10°load cycles.

Fig. 6 — it is obvious that curve 2, evaluated ac-
cording to the specified by the norms formula (16), lies in
the safe part of life time range - up to 2x10* cycles. Curve
1 is calculated according to the standard [2] formula (17)
that is appropriate to be applied over all the life range up to
10° cycles, although in the low cycle range with up to 10*
cycles, the curve is much more remote from experimental
points, compared to curve 2. Curves /* and 2*, estimated
according to the modified standard’s formulae (21) and
(22), fall closer to the experimental points versus the speci-
fied curves / and 2. In the low cycles range the curves are
very close to each other. Curve /* is suitable for applying
within the range of about up to 4x10*load cycles and curve
2%, calculated by formula (22) — for applying over the
whole range up to 10° load cycles. The said curve 2* path
in a pretty similar way relates the experimental points, also
at the load asymmetries, when R = 0.3 and R = 0.6, as well
as for cases of the rounded thread roots.

Table 2
Tests parameters of the threaded joints

Steel Nr. T,K Threaded joint Number

of tests
I 293 M20x2,5 78
1 293 M42x4 6
11 293 M20x2,5 34
11 593 M16x2 32
111 593 M16x2 16
v 293 M20x2,5 22
v 593 M16x2 26
v 293 M20x2,5 28
\'% 593 M16x2 34
VI 293 M16x2 10
VI 293 M42x4 8

The similar way of calculations according to the
formula (22), as well as comparison of the experimental’
data, have been carried out for the joints with the rounded
thread roots, made of steels II - VI and tested at R =0; 0.3;
0.6. Cyclic life of these joints’ prior to crack formation
reached 5x10* load cycles. Fig. 7 and Fig. 8 shows com-
parison of the cycle life Nyccqe, estimated according to
formula (22) and in line with the standard [2], with the
experimental data Ny, obtained at 293 and 593°K.

4 NDC,L’Xp (cycle)
10° e

10 10 10" 10" Noceate

Fig. 7 Lifetime of threaded joints M20x2.5 and M42x4:
light points — calculation as per formula (22); black
points — as per formula (16 or 17)
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Fig. 8 Lifetime of threaded joints M16x2 at 593K: light
points — calculation as per formula (22); black
points — as per formula (16 or 17)

Here, it is obvious, that the calculated life charac-
teristic does not exceed the experimental values, whereas
the life values, calculated according to formula (22), on the
whole, are arranged closer to them, compared to the calcu-
lations according to formula (16) or (17).

4. Conclusions
1. To incorporate the threads load distribution da-

ta into calculation of cyclic durability of threaded joints the
modified Eqgs. (21) and (22) could be used. Formula (21) -



in th range of lifetime up to 4x10* cycles and formula (22)
- up to 10° cycles.

2.Low cycle durability up to 4x10* cycles of
threaded joints set according to modified method for cyclic
strength is notably higher (up 3.5 times) than the calculated
values set according to the Norm of Rusian Federation
(Norm RF) [2]. They are close to experimental values,
howerer do not exceed them.

3. In the range of lifetime 4x10* - 10° cycles only
formulaes of Norm RF (17) and modified (22) give the
rezults which do not exeed experimental values in terms of
the numbers of load cycles up to crack initiation in the stud
or bolt thread. Formula (22) predicts slightly shorter lifeti-
me than that formula (17).
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SRIEGINIU JUNGCIU CIKLINIO ILGAAMZISKUMO
PROGNOZAVIMAS

Reziumé

Straipsnyje pateiktas modifikuotas norminis srie-
giniy jung¢iy ciklinio ilgaamziskumo prognozavimo meto-
das, ivertinantis apkrovos pasiskirstyma sriegio vijose.
Panaudotas apkrovos ir itempiy pasiskirstymo vijose mo-
delis, kuris atspindi srieginiy jungciy medziagy bei visu ir
ne visu profiliu sukibusiy vijy pory tampriai plastinio de-
formavimo savybes. Gauti skaiiavimo rezultatai artimi
eksperimentinéms reik§méms ir ju nevirsija.

A. Krenevicius, M. Leonavicius

FATIGUE LIFE PREDICTION FOR THREADED
JOINTS

Summary

This paper presents the modified normative me-
thod for threaded joints improved by incorporating in the
calculation the data of load distribution in threads. There is
used the model for calculation of load and stress distribu-
tion along the thread based on elastic plastic deformation
properties of the joint materials and full and partial profile
turns couples. Results of fatigue life prediction are close to
the experimental values, howerer do not exceed them.

A. KpensBuuroc, M. JIsoHaBu4toC

HUKJIMYECKAS TOJI'OBEYHOCTD PE3bBOBBIX
COEJIMHEHNI

PeszowMme

B Hacrosimeii pabote npeioskeHa Mo quQuKays
HOPMATHBHOW METOIMKH pacyueTa MOJIOBEYHOCTH Pe3b00-
BBIX COCJMHEHMM, YUUTHIBAIOLIAS paclpe/ielieHue Harpys-
KH TI0 BUTKaM pe3bObl. Vcnonb3yeTcs MoJellb pacmpeie-
JIeHUS] HArpy3Kd U HaMpsDKEHUH B BUTKAX, OTpakaromias
CBOWCTBA YINPYTOIUTACTHYECKOTO e(POPMHUPOBAHUSI Mate-
pHANOB COEIMHEHUN M BUTKOB MPHU UX NOJHOM M YaCTHY-
HOM comnpspkeHud. [lonydeHHble pe3yJbTaThl pacyera Io
JIOTITOBEYHOCTH OJIM3KH K IKCIEPHUMEHTAIFHBIM 3HAUCHH-
SM ¥ MIX HE TPEBBIIIAOT.
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