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In this paper a numerical algorithm is presented to make possible adopting different loading sche-
mes of specific structure at hand for instance hydraulic cylinders, to specific Wéhler curves cha-
racterizing fatigue resistance of given material. Hydraulic cylinders investigated under E. C. project
«PROHIPP» are analyzed and some solutions of the crack problem in oil port area are proposed.
Oil penetration in an oil port connection zone can be eliminated after some design modifications.

Key words: fatigue analysis, Wohler curves, Goodman diagrams, hydraulic cy-
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Nomenclature

p density N threshold amplitude stress

E Young modulus N stress amplitude

v Poisson ratio S$* | equivalent stress amplitude for R =—1

p inner pressure S™ | mean stress

Pmin minimal values of inner pressure S™ | maximal stress

Pmax | maximal values of inner pressure | S™" | minimal stress

R stress ratio n exponent in Goodman relationship

N number of cycles S factor of stress corresponding to initial stress
S, ultimate stress ! factor of stress corresponding to threshold stress
N initial amplitude stress
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Introduction. There are two objectives of this paper. The first aim eies in presenting a
numerical algorithm, which makes possible adopting different loading schemes of hyd-
raulic cylinders to specific Wohler curves characterizing fatigue resistance of given
material. An uniaxial loading case is studied in order to confirm the relation between
Goodman and Woéhler curves parameters. The second presenting calculations of hyd-
raulic cylinders investigated under E. C. project «PROHIPP» and to propose some
solution of the crack problem in oil port area, in order to eliminate oil penetration in an
oil port connection zone.

It is well known that majority of fatigue tests is made for symmetric or nearly
symmetric load when stress ratio is

min
R:;’ﬂ:%:_l, (1)
max

Number of codes accept input data only for such kind of symmetric load. In
practice majority of structures for instance hydraulic cylinders, works under much
more complex cyclic load characterized by different R values. In particular, some spe-
cific laboratory tests for hydraulic cylinders are made for R =0 when the stresses
changes from 0 to some specific, maximal value. In this case the external pressure is
applied to the cylinder and then the pressure is removed. So the idea of equivalent
amplitude stress is introduced in section 2 in order to find out number of cycles to
failure for loads R=#—1 in situations when test data are provided only for values
R=-1.

Number of cycles in such tests depends on fatigue resistance of the weakest
point of the cylinder. An example of such points is oil ports, where the welding resi-
dual stresses, local shear forces and forces due to oil penetration in the connection gaps
lead to fatigue cracks causing final destruction.

Two kinds of numerical tests are performed. At the beginning the standard fati-
gue tests on workpiece shown in fig. 2 are simulated (Section 3). Goodman and W&h-
ler curves and idea of equivalent amplitude stress are used in order to calculate number
of cycles to reach the fatigue limit of specimens with non-symmetric (R # —1) load.

Next in Section 4 the hydraulic cylinders fatigue problem is considered. Oil port
typical deformations and design modifications possibility are shown in fig. 12. It can
be observed that the gap between the oil port and cylinder in the oil port connection
zone grows up with increasing oil pressure. Experiments (fig. 12) also confirm the
crack sensitivity of the weld in this connection zone. Authors propose the improvement
of this bad situation by using special washer or glue (as it is shown in fig. 15) in order
to eliminate excessive gap between the oil port and cylinder surfaces. Such washer or
glue prevents oil penetration thus eliminating the possibility of premature fatigue crack
in neighboring welds.

The washer or glue material should be high temperature resistant — due to wel-
ding process of oil ports.
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1. The idea of equivalent amplitude stress calculations for different stress ratio

The objective of this section is developing the algorithm of calculation of the amplitu-
de stress S“gr=—1, which is equivalent to the given value Sg.-1. The assumption is
made that such amplitude stress S“r-—1 gives the same number of cycles to fatigue
failure as it is for given S“g=-1. This assumption is based on Goodman and Wdhler

curves dependency (fig. 1). Further the amplitude stress S“r-—1 can be obtainned from
the finite element analysis of specific structure at hand loaded by arbitrary non-
symmetric load, R # —1.

The history of standard fatigue test goes back to Wohler who designed and built
the first rotating that is beam test machine that produced fluctuating stress of a constant
amplitude in test specimens [1, 2]. In tests Wohler established a material property,
known today as the fatigue limit. When specific fatigue data are missing, for example,
number cycles to failure for the given stress ratio, one can use, in some range, empi-
rical relation between amplitude stress and fatigue life NV as a linear approximation of
the S—N curve in log-log coordinates. This range is described by two points: initial
amplitude stress (S ) at about 1000 cycles and threshold stress (S ) at approximately
2 millions cycles. Such linear Wohler S-N curve for steel is shown on the left side of
fig. 1 and can be represented (for R = — 1) by the equation

togfS k.. |- tog[Sth. ) [
g4 (N) =10 log(N,)—log(N;)

log(N)—log(N; )]+1og[s(”,§:,l)]

, (2)
N 4 5

. R:-
5" (g=-1)=f S.

Goodman diagram

5" @)
R=-0.5
Wahler curve SY(N) for R=-1 S E(R:_l)

4 ®=05) working point

/

Wohler curve for R=-0.5
" r=-1) = S,

N g
N; N N S" (R=-0.5) S

Fig. 1. Wohler and Goodman diagrams dependency
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where N; =1e3and N, =2e6. Initial amplitude stress S(‘%:_l) for N; =1e3 number of

cycles is smaller than the ultimate stress S,
Str=1)=S.S"- 3)

Value of f' can be found in literature [1, 3, 4]. In this paper f* equals 0,9. The

value of threshold amplitude stress S(”,é _y) for N, =2e6 number of cycles is obtained

by equation
Stk =Sl @

where f' is the decreasing factor of stress corresponding to the stress threshold value.
Value of f'changes between 0,05 and 0,5 and depends on material properties and
stress concentration factor [1, 3, 4]. In this paper f* is equal 0,5. In following text
simplified notation S(_ ;) =S and Sfz__y=S" will be used.

Substituting the amplitude stress in the considered point of the structure by wor-
king point S“(N)= S(”R:,l) and modifying the equation (2) we obtain the number of
cycles to failure N

tog[S__1) oV, )log[S{y_y Jlog(V, ) +log(5 ) log(V, )-log(s ) log(N,)
log(S“)—log(S)

N=10 (5)

In this case Si__)=S"" due to the assumption of R =1 load scheme.

Wohler curves are obtained for the load scheme R =—1 by bending fatigue tests
and rarely the axial-load tests (R =0). However thisese zero or —1 mean stress ratio is
not typical for real industrial components working under cyclic load.

On the basis of a on value of ultimate stress S, of the material and a value of the
amplitude stress for different R # —1 we can obtain the equivalent value of the ampli-
tude stress for R =—1 from Goodman diagram (see fig. 1 right). Then this value can
be applied in the equation (5) in order to calculate number of cycles to failure N .

Goodman diagram (fig. 1) is represented by the line between amplitude stress

S(r=-1) (8" equals 0) and ultimate stress of the material on ™ axis and the equation (6)

takes plase
S(aR¢—1) :S(aR=—1) 1_(5,_} (6)
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When n =1 the equation (6) is Goodman equation, at n =2 we obtain Gerber
equation. Here we use safe Goodman case n =1 or n=1,2. This relationship permits

to obtain the equivalent amplitude stress S for any load scheme (R =-1).
From the typical finite element analysis we can get maximal stress at the most
stressed point of the structure.

The value of the mean stress S™ in the considered structure point can be obtai-
ned from the equation
S™(1+R)

2

S = )

where S™ is a maximal stress value obtained for any R from FEM analysis. Then
S("Ri_l) can be calculated from the following relations

S(aR¢—1) =g —g"
or
S™(1+R)
2

These values can be used in the modified equation (6)

Slewr) =~ +Smax 8)

_ S(aR::—l)
B 1—(5’"/Su)”

After substituting the values from the equations (7) and (8) into the equation (9)
we obtain the equivalent amplitude stress as a function of a maximal stress value from
FE analysis for any stress ratio R

st ©)

gae :_075 r;liazl(R—f'l)"F r;l{a; 1)

(R:_l) ma n
1 R: )

M

(10)

When we use Goodman relationship (z = 1) the equation (10) takes more simpler
SiEEn(1=R)S,
2Su SIEZZ( 1 (R_l)

S(a}§=—1) = (11)

Then the value of the equivalent amplitude stress calculated from the equations (10)
or (11) can be substituted into the equation (5), where S(z__;) = S{z__y), in order to

calculate the number of cycles to failure of the analyzed structure loaded by arbitrary
non-symmetric load with any stress ratio R # —1.
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2. Numerical examples. Damage analysis of uniaxially loaded specimen

The following example shows the capability of the algorithm in comparison with some
experimental results available [5].

Fig. 2. The considered specimen

Tab. 1. Number of cycles to failure calculated and obtained by experiment [5]

L A\ A\ R Number of cycles to faliure Number of cycles to
p- [MPa] [MPa] (experiment) faliure (computation)
1 75 250 -0,538 439300; 402500; no faliure no failure
2 75 270 -0,565 358200, 854700; 318700 857294
3 75 290 -0,589 252300; 376300; 379700 340 262
4 75 310 -0,610 54800; 123400; 45000 143 639
5 150 270 -0,286 172100; 121500; 233100 143 963
6 150 290 -0,318 124300; 41900; 60500 57 139
7 225 230 -0,011 413900; 204500; 545200 125 280

1000 T
3
& ~ e N=143639
=30 =T e N = 340262
©v O T
$E
A= — -
g 3
=2
g - N=2857293 no fatigue
<
100 - B - - 'i - e 'i -
107 10° 10* 10° 10° 10

N (logarythmic scale)

Fig. 3. The S-N curve and equivalent stress amplitudes S{%__y, for §" =75 [MPa]
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Fig. 4. Goodman diagram for load schemes with " = 75 [MPa]
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Fig. 5. Goodman diagram for load schemes with " = 150 [MPa] and §" = 225 [MPa]

Uneasily loaded specimen (fig. 2) was analyzed experimentally in [5]. The geo-
metrical siges are shown in fig. 2. The length of the specimen is 0,019 [m]. Material of
the specimen is 10HNAP steel, parameters are as follows: density p = 7800 [kg/m’],
Young modulus £ =2,10e+11 [Pa], Poisson ratio v = 0,3, yield stress R, =414 [MPa]
and ultimate stress S, = 556 [MPa]. Exponent factor # in the equation (6) is assumed as 1,2.
Three different value of mean stress are considered: 75, 150 and 225 [MPa]. In the case
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of §" =75 [MPa] four different stress amplitudes are assumed: S“= 250, 270, 290 and
310 [MPa], in case of S™ = 150 [MPa] stress amplitudes are S“ =270 and 290 [MPa]
and in the case of S™ =225 [MPa] stress amplitude equals 230 [MPa] [5].

1000 T
= — e
2w ——
=1E) e
% 5 e N=57139
[N S) —
s g )
%= T
L g
ER N=125279  N=143962
B
£
<
100 .

10° 10° 10* 10° 10° 107
N (logarythmic scale)

Fig. 6. Wohler curve and equivalent stress amplitudes S(g__,
for §” = 150 [MPa] and §" = 225 [MPa]

The first case: S™ =75 [MPa).
Four values of the amplitude stress S“are analyzed: S“= 250,270,290 and
310 [MPa]. Maximal and minimal stresses (S™,S™") are: (325,-175); (345,-195);

(365,-215); (385,-235) respectively. Working points and equivalent amplitude stresses
for R =—1 are presented in fig. 4. Number of cycles to failure (obtained from the equa-
tion (5)) are in table 1 (see fig. 3). Taking into consideration very large range of expe-
rimental life of specimen, obtained predicted life of specimens are mostly located in
experiment range.

The second case: S™ =150 [MPa] and S =225 [MPa].

Three values of the amplitude stress S“ are analyzed: S“=270 and 290 [MPa]
which corresponds with S§” =150 [MPa] and S“=230[MPa] as well as with
§™ =225 [MPa]. Maximal and minimal stresses (S™,S$™") are (420,—120); (440,—

140); (455,-5) respectively. Working points and equivalent amplitude stresses for
R = -1 are presented in fig. 5. Number of cycles to failure (obtained from the equation
(5)) are intable 1 (see fig. 6). In this case range of experimental data is very large.
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The calculated values of number of cycles to failure are close to experimental data, ex-
cept §” =225 [MPa]. Here a larger value of exponent n in the equation (6) might be used.

Fig. 7. Geometrical shape of the cylinder 1

Fig. 8. Critical zones and critical points in the cylinder 1
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3. Hydraulic cylinder design, oil ports fatigue and possible design modifications

3.1. Fatigue analysis of the hydraulic cylinder 1. The cylinder shown in fig. 7 was
tested.

The cylinder has two oil ports. The material of the specimen is steel St52. The mate-
rial data are: density p= 7800 [kg/m3], Young modulus £ =2,10e+11 [Pa], Poisson ratio
v=0,3, initial flow stress Re =350 [MPa], saturation flow stress S, = 520 [MPa]. Inner pres-
sure is 30 + 0,08 [MPa]. Stress ratio R=p, i / Prmax €quals 0.

Initial and threshold amplitude stress for steel St52 and R = —1 equals: S(“Ié}l) =
=0,95, =468 [MPa] and S(“,éz_l) =0,45S, =234 [MPa].

Five critical zones determined in the numerical experiment are shown in fig. 8.
Number of cycles to failure (see fig. 9) is obtained as intersection of adopted to fully
symmetrical load scheme (R =-1) stress amplitude with classical Wohler curve. The
values of maximal, amplitude and mean stress in each of the zones and number of
cycles to failure are shown in table 2.

Tab. 2. Number of cycles to failure in critical zones of the cylinder 1

zone 1 zone 2 zone 3 zone 4 zone 5
5™ z-0) [Mpa] 399,13 367 352,10 357,38 376,76
S (z-0, [Mpa] 199,57 183,50 176,05 178,69 188,38
S" xeo) [Mpa] 199,57 183,50 176,05 178,69 188,38
5% r=t) [Mpa] 323,85 283,57 266,16 272,24 29539
number of cycles to failure | 5,67-10° 2,43-10° 4,810° 3,8:10° 1,55:10°

1000
=
[a W)
25
— <
0 2
2.9
L g
[}
B 5
=2
[opN—
g
100 Liel|
10° 10° 10* 10° 10° 107

N (logarythmic scale)

—S-N curve=— = zone l=— = = zone 2= = = = zone 3=— = =zone 4

Zone %

Fig. 9. Behavior of the Wohler curve and values of amplitude stress S*
in critical zones for the cylinder 1
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The largest value of stress appears in the zone 1, then next in the zone 5 (point 5.1)
and successively in the zone 2 (point 2.1), and in the zones 4 and 3 (points 4.1 and 3.1)
(see fig. 8). Location, where fatigue crack appears, first are points 5.1 and 2.1. That
fact was confirmed in real experiment where the weakest point was in the zone 5.

350.00 S, amplitude stresses in each critical

zone when R =— 1
300.00

a m .
( (R:O)’S(R:O)) amplitude and mean
250.00 ..
stresses for each critical zone

= Goodman diagram for St52 steel

150.00

S* [MPa]

S(afg:_]) =0,45S, amplitude

of threshold stress for St52
steel when R =—1

100.00

50.00 Safe domain - no fatigue

] 100 200 300 400 0 ¢ 600
u
S" [MPa]
| =#=Goodman diagram —®—zone 1 —— zone 2 —%—zone 3 —8—zone 4 —8—zone 5|

Fig. 10. Goodman diagram and working points for cylinder 1
for different critical zones

Number of cycles to failure in the zone 5 (see fig. 8) equals N, =155416 . The
difference between results obtained by experiment and numerical test do not exceed 9%.

3.2. Fatigue analysis of the hydraulic cylinder 2. The part of hydraulic cylinder is ana-
lyzed. The geometrical shape is shown in fig. 11. The cylinder has two oil ports.

The material of the cylinder is steel St52. Material data are the same as in pre-
vious example. Inner pressure equals 10 [MPa]. Stress ratio R equals 0. The initial and
threshold stress for steel St52 are taken from previous example.

Deformations and stress redistribution in the connection zone caused by oil penetra-
tion and shear forces inside anoil tube are shown in fig. 12.
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Fig. 11. Geometrical shape of the cylinder 2

Tab. 3. Number of cycles to failure in critical zones of the cylinder 2 calculated using FEM

zone 1 zone 2 zone 3 zone 4 zone 5

S(";eajo) [MPa] 350,00 219,00 255,00 130,00 352,00

S("RZO) [MPa] 175,19 109,34 127,25 65,25 175,84

S{?a:o) [MPa] 175,19 109,34 127,25 65,25 175,84

S(g=-1) [MPa] 254,20 138.45 168,48 74,61 265,68

numbe; (.)f cycles to 5,2810° no fatigue no fatigue no fatigue 4,97-10°
ailure

RS
OSSR
RYAVAVAVAVAVAVAVAVAY:

A R e
TS

1]

VAl

Fig. 12. Deformations and stress redistribution in connection zone caused by oil
penetration and shear forces inside oil tube of the cylinder 2
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—— Sir.y=0,458,

amplitude of threshold stress for
5t52 steel when R=-1

250 1
S (4.1, amplitude stresses in each critical zone whenR=-1

200 1

(S(“R:O), S(le:m ) amplitude and mean stresses
for working points in each critical zone

S’ [Mpa]

Goodman diagram for St52 steal
(sate domain)

|l:|Goodman diagram (safe domain) —8—zone 1 ——zone 2 —%—zone 3 —#—zone 4 —8#—zone 5|

Fig. 13. Goodman diagram and working points in critical zones for the cylinder 2

The values of the maximal stresses, amplitude and mean stresses for R =0 and
R =-1 and number cycles to failure calculated using FEM in each zones are shown in
table 3. The values of the maximal stresses in the zone 1 and zone 5 are almost the same.

1000 T

amplitude stress S* [MPa]
(logarythmic scale)

T o T ] || L, | e A A -

100 . : tmiry ! birn
10° 10° 10* 10° 10° 107
N (logarithmic scale)

S-Ncurve == == zonel == = = zone2 = = = =zone3 = = = zone 4 = zone 5

Fig. 14. Behavior of the Wohler curve and values of equivalent amplitude stress $%
in critical zones for the cylinder 2
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These two working points (zone 1 and zone 5) are located above the Goodman
diagram, other points are lying below the Goodman diagram in the safe area (see
fig. 13). Fatigue crack appears in the zones 1 and 5. Cracks do not appear in other zo-
nes. Number of cycles to failure in the zone 1 and zone 5 obtained as intersection of the
equivalent amplitude stress for R = —1 with Wohler curve is shown in table 3 and in fig. 14.

3.3. Fatigue analysis of the hydraulic cylinder 1 with resistant material in oil ports and
cup. The part of hydraulic cylinder is analyzed. The geometrical shape and material da-
ta are the same as in the example from subsection 4.1. Authors propose modification of
oil ports area by introducing the washer or glue as it is shown in fig. 15. The cylinder
has two oil ports with washers.

WA
TTaE -

A
et

Washer or glue used
in order to prevent
oil penetration

Y : Gill

Fig. 15. Washer or used in order to prevent oil penetration

Tab. 4. Number of cycles to failure in critical zones
of the cylinder 1 with washer

zone 1 zone 2 zone 3 zone 4 zone 5

SaZo) [MPa] 398,17 365,66 360,42 359,14 357,11

S¢r—o) [MPa] 199,08 182,83 180,21 179,57 178,55

S{h—o) [MPa] 199,08 182,83 180,21 179,57 178,55

Sis__y) [MPa] 322,59 281,97 275,78 274,29 271,93

““mbelﬁ ‘.’lf cycles to 5,92:10* 2,59-10° 3,30-10° 3,50-10° 3,85:10°
alure

Number of cycles to failure in each zones obtained as intersection of the ampli-
tude stress with Wohler curve is shown in table 4.
Deformations and stress redistribution in the connection zone are illustrated in fig. 16.
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Fig. 16. Deformations and stress redistribution in the connection zone with washer used
in order to prevent oil penetration in the cylinder 1

1000 |
=)
[aW)
=)
— <
8T 2
2.2
25
2E
22
gv
<

100 iy P

10 10° 10* 10° 10 10
N (logarithmic scale)
S-Ncurve == == zonel == = = zone2 = = = =zone3 == = = zone 4 zone 5

Fig. 17. Behavior of the Wohler curve and values of amplitude stress S* in the critical zones
for the cylinder 1 with resistant material in the port zone

Behavior of the Wohler curve and values of the equivalent amplitude stress
S“(r=-1) in the critical zones are shown in fig. 17. Significant improvement is archi-

ved in the zone 5 (the most endanger to fatigue zone) where fatigue strength increased
and number of cycles was bigger then about 100000 cycles. In the zones 2, 3 and 4
there was a slight improvement in the value of fatigue strength.
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The fatigue in the zone 2 appears later if we use washer between the oil port and
cylinder (see fig. 15). The value of maximal stress is lower then in the case when there
is no modification between the oil port and cylinder surface.

Conclusions. The idea of equivalent amplitude stress is introduced in order to find out
number of cycles to failure for non-symmetric loads in situations when material data
are provided only for stress ratio R =—1.

In order to solve the crack problem in an oil port area we propose to use the wa-
sher made from temperature resistant material or glue in order to fill up the gap bet-
ween oil port — cylinder surface (see fig. 15). Such washer or glue will prevent oil pe-
netration into the above mentioned gap thus eliminating the possibility of promotive
fatigue crack in neighboring welds.

Life expectancy are values of the moment absolutely theoretical and pending of
the adjustment of the model and experimental validation.
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Mcnonb3oBaHMe 3KBMBaNeHTHbIX aMNAUTYAHbIX HanpsKeHUN
AN yyeTa cpeaHuX HanpshkeHU B 3agayvax yCTarloCTHOM NPOYHOCTH

Tomaw BegHapek, M3abenna Mapuescka, ApTyp MapuyeBcku, Bnoasmmexx CoCHOBCKH,
XepoHum Akybuak, Exbl Poek

B pabome npedcmagien HucieHHbill aneopumm, nO360IOWUL BbLOUPAMb PA3IUYHBIE CXeMbl Ha2PY-
JICEHUSL KOHCMPYKYUU, HANPUMED, 2UOPOYULTUHOPA, 8 COOMBEMCMEUU C 3A0AHHLIMU KPUSLIMU
Bénepa, xapaxkmepusyiowumu conpomugienue mamepuana ycmanocmuomy paspyutenuro. Ilpoana-
JIUBUPOBAHDL 2UOPOYULTUHOPSL, paccmampusaemvle 6 npoekme E. C. « PROHIPPy, u npeonosicenvl
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Hexomopble peuieHus 3aoaqu o mpewune 6 obaracmu wmyyepa. Ilokazano, umo npocauusanue
MAcia 8 30He COeOUHEHUs Wmyyepa mMoxicem Oblmb YCMPAHEHO NOCie HEKOMOPLIX MOOUDUKayuil
KOHCMPYKYUU.

BukopucTtaHHA eKBiBaneHTHUX aMnAiTyAHUX HanpyXeHb Ans
BpaxyBaHHA cepeaHiX HanpyXxeHb y 3aga4yax Ha BTOMHY MiLHICTb

Tomaw begHapek, 13abena MapuyeBcbka, ApTyp MapuyeBchki, Bnoasimexx CocHoBcKi,
epoHim Axkybuak, €xun Poek

YV pobomi npedcmasneno uucnosuii ancopumm, axuil 0038018€ uOUpamu pizHi cxemu HABAHMA-
JICEHHSI KOHCMPYKYIL, HAnpukiao, 2iopoyuninopa, 6iOnogioHo 00 3adanux Kpueux Benepa, wo
Xapakmepuzyoms onip mamepiany Ha émomHe pyuHyeanHs. IIpoananizosano 2iopoyuninopu, sKi
po3zenanymi 6 npoexmi E. C. «PROHIPPy, i 3anpononosano 0esxi po36'sasku 3aoaui npo mpinyumy
6 obnacmi wmyyepa. Iloxasano, wo npocoyyeanHs onii @ 30Hi 3 €OHAHHA wWmyyepa modce 6ymu
VCYHYmMO Nicia 0esaKux Mooupixayiti KOHCMpYyKyii.
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