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HaBeneno 3aBaaHHs, NMOB'A3aHi 3 BUNAAKOM BiaxujeHb ¢opmu A NiH-IApHipiB.
Basylouncs Ha KpyrjiomMy i HUJIIHAPUYHOMY BiIXWJIEHHSIX, 3AiliCHIOETbCH MepeBipka Aas
HenmpsAMHUIl MeToA, OyJ0 OLiHEHO TreoMeTPUYHUH (KOHTYP) NPOMIXKHY TOBEPXHIO MikK
Aep:kakoM i pakoBuHow. IIpogeMOHCTPOBaHO, 10 BiAXUJIEHHS XPecTOBOI ceKUii i MOX0BKHbOT
ceKuii € BUPIIIAJLHUMH AJI5 PO3MIPY KOHTAKTHOT IJIOLII.

This paper presents problems associated with occurrence of form deviations for pin
joints. Basing on roundness and cylindricality deviation tests carried out for mating elements,
different compilations of them in connection were modelled. Using indirect method, the
geometrical (outline) contract surface between the shaft and the hole was evaluated. It has
been demonstrated that deviations of the cross-section and the longitudinal section are decisive
for the size of the contact area.

Introduction

Geometric shape of the actual surface of an object in only approximately consistent with nominal
shape of that surface. For example, the surface of a shaft can be tapered or barrel-shaped, whereas its cross-
section made by a plane perpendicular to the shaft axis can be elliptic. Deviations from the nominal shape
are called geometrical deviations. Geometrical tolerances are limited only by geometrical deviations of an
actual object from its nominal counterpart. That is why they are included in the group of simple
geometrical tolerances. In machine industry, actual objects, like rollers or balls of bearings, rarely have
elementary shape, e.g. of a cylinder or a sphere. Geometrical shape of machine parts is usually more
complex, e.g. a stepped shaft consists of several cylindrical surfaces, a wheel-case is a solid with several
holes, etc. In such cases, apart from necessity to meet dimensional and geometrical requirements, it is also
necessary to ensure proper orientation and location of individual components. For example, surfaces of a
double-stepped shaft should be coaxial cylinders, whereas axes of holes in a wheel-case should be parallel.
It is not easy to achieve that for technological reasons. In order to define acceptable limits for relative
deviations of direction and position of those components, ISO standards define tolerances of orientation,
location and run-out. Tolerance of orientation, location and run-out are limited both by actual object shape
deviations and orientation or/and location deviations. In most cases, tolerances of orientation, location and
run-out require specification of the base, that is why in the ISO 1101 standard they are classified as
geometrical tolerances with reference element. The ISO 1101:1985 standard defines the geometrical
tolerance as the area (the tolerance range), in which the surface or line of the actual object should be
included. This area has a form of a cylinder or a circle, space between two parallel planes or straight lines,
space between two coaxial cylinders or circles etc. Value of the form tolerance specifies respectively: the
diameter of a cylinder or a circle, the distance between planes or straight lines or the difference of radii of
cylinders or circles that limit the range of tolerance. There are no limitations for (simple) form tolerances
as regards the location of the range of tolerance in space. Whereas for the orientation, location and run-out
tolerance, the range of tolerance is specified in space by bases [1].
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Selected problems related to functionality of axisymmetric joints.

Assumption of ideal geometrical properties of the connection components, as well as about the
presence of plastic strains caused by roughness of the surface makes the distribution of contact stress more
uniform. On that basis, it is possible to assume simplification of calculations. Uniform contact stress is
assumed both at the ideal circumference and at nominal length of the contact between components of

interference joint [3]. Taking those assumptions into account results in generation of several conditions of
the load of the joint.

e Condition of load for connections that transmit torque moment M:

M,=Fpd2<Td2 (1)
where: Fp — transverse force, Fp = 2MJd; T — friction force oriented transversely;
d — rated diameter of the shaft.

The value of the friction force is calculated from the following formula:

T= Appaop = TdIupaop (2)
where: A — contact area between the shaft and the hole; p - friction factor, / — length of the area of contact,
. Paop — allowable unit load over the shaft surface and hole surface due to negative allowance;

e Condition of the connection load with transverse force F,,:
F,, < T = ndlpt Paop (3)

e The connection loaded with the transverse force F,, and the torque M,, - calculation of the transverse

force Fpand the resultant force:
F.=F’+F/ (4)

The form of the condition of the connection loading is as follows:

F, <T = ndlp paop ()
Presented conditions do not take into account changes of the friction factor values in main directions
of the equilibrium or movement within planes of axes X, y, z caused by form deviations of mating

elements. The model that takes into account variability of the friction factor has been proposed (fig. 1).
ad

Fig. 1. The load model taking into account variation of the contact surface of the pin caused by form deviations:
Quadric-lobing (plane x, y — black colour) and saddleback distortion (plane x, z — green colour; plane y, z — red
colour); d — rated diameter, | — rated length of the contact surface.

e Plane (X, y) — load with torque moment M;:
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T:Arz.!"txy.pdop:n.drz.lrz.uxy.pdop (6)
e Plane (x, z) or (y, z) — load with transverse force F,,:
EVST:Arz.MW.dep:n'drz.lrz.uw.pdop (7)

e Plane (x, y) and (x, z) or (y, z) — load with torque moment M _ and the transverse force F,:

F;ST:Arz.Mz.pdop:n'drz.lrz.“z.pdop (8)
Friction factor p , and p, as well as i, are dependant on actual contour contact surface. It is

impossible to explicitly calculate quality relationships of individual values of the friction factor depending
on form deviations present in joints such as roundness and cylindricality. This is caused by variable values
of deviations achieved in the manufacturing process. However, it is possible to indirectly evaluate
geometrical (outline) contract surface of the mating elements.

Theoretic surface area that takes into account contact of elements that rub against each other over
their entire geometric (outline) contact surface can be defined as follows:

A =n-d I )

Whereas actual mating occurs over small areas which transfer the load [2, 5]. In order to perform the
quality analysis of the contact in the fit, as the subject of the research we assumed the pin, for which
transition fit $81H7/n6 occurs within that joint. Diameters of holes were measured and it was found that
32% of them were manufactured with a dimension of $81,030 mm, and for pins we measured roundness
and cylindricality deviations.
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Fig. 2. Samples of mating between an ideal hole 181,030 mm and a real shaft [181*0% of the pin joint H7/n6 in

,023

cross-section: a) oval shaft, b) tri-angular shafi, c) five-angular shaft

The quality analysis of the joint was performed on the basis of measurements that were carried out.
The hole ¢$81,030 mm was assumed to be ideal one and we analysed possible changes of the contact
surface caused by deviations of roundness and cylindricality of the pin. Figure 2 a+c shows cross-sections
of often found patterns of mating parts.

The contact that occurs over the theoretical circumference of mating elements can be described as
follows:
Mo
©180°
where: r — radius of an ideal circle, d — angle of the contact between the shaft and the hole.

(10)

As there are different models of roundness deviations in cross-section (fig. 2 a+c), the actual
circumference of contact can be presented as follows:
T-r-o
O =x———
180
where: x =2, 3,..., n (model of bi-, tri- ,..., n-angularity (lobing))

(11)
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The relationship between the actual circumference of contact and the theoretical circumference in
cross-section can be specified as follows:

—= =B (12)

where: O, - actual contact circumference, O, - theoretical contact circumference, f — the coefficient of

change of the contact circumference between mating elements.

As a result of performed calculations for examples presented in figure. 1, the actual values of
circumferential contact between mating elements were achieved. They are as follows, respectively: (fig. 2
a) — 11%, (fig. 2 b) — 12% and (fig. 2 c) — 14% of the theoretical circumference assumed for calculations.

The form deviations are present also in longitudinal section of the pin (fig. 3 a+c) and those
deviations influence the size of the contact surface.

Fig. 3. Parts selected for measurement: cylinder and piston.

Relationships between the actual length of the contact surface and the theoretical length of it (fig. 3
a+c) are defined by the following formula:

=Y (13)

where: /,, — actual length of the area of contact, . /¢ — theoretical length of the area of contact, y — factor of

the contact surface length change.

As a result of performed calculations for presented examples (fig. 3), actual values of the length of
contact surface between mating elements were achieved. They are as follows, respectively: (fig. 3 a) —
10%, (fig. 3 b) — 9% (fig. 3 c) — 17% of theoretical length of contact area between the shaft and the hole
surfaces that was taken into account.

The following zones can be specified in the presented joints between the shafts and the hole: the
zone of contact and the zone of no contact between surfaces. The ratio of the contact to no contact zones is
respectively (fig. 3 a) — 10%, (fig. 3 b) — 9% (fig. 3 ¢) — 17%. Existing form deviations in the cross section
and longitudinal section of the shaft determine the value of the contour contact surface, the area of which
usually does not exceed a dozen or so percent. Whereas possible compilations of roundness and
cylindricality deviations reduce its value to several percent of the nominal surface.

Similar analysis and assessment of the influence of design properties on the size of the contact
surface should also be performed for holes of pin joints.

Unreliability of axisymmetric joints

Unreliability of axisymmetric joints results from many factors and can be systemized in many ways.
First, the unreliability can be discussed at the stage of design, then at the stage of production and finally at
the stage of measurement (control and identification). It determines the parameter connected with the
measurement result that specifies the dispersion of the measured quantity value.
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When measuring geometrical structure of the surface using instruments equipped with mapping
point, there are numerous components of the measurement unreliability. They include environmental
conditions, the measuring instrument, the software, the measured piece as well as influence of the mapping
point itself. Plenty of conditions influence the measuring error during measurement.

The following measurements were carried out:

- cylinder diameter

- piston diameter

Diameters of elements selected for research were measured in two or three planes.

Measurement of the cylinder

The cylinder was measured by means of basic measuring instruments at marked cross-sections and
by means of Form Talysurf Series 2 instrument, manufactured by the company Taylor- Hobson. The
analysis of measurement results as well as calculations aimed at determining the roundness and
cylindricality deviations shows that the roundness deviation can be classified as a specific case, i.e. the
ovality deviation. Whereas the cylindricality deviation can be classified as the case of taper. To make sure,
it is necessary to compare obtained results to measuring protocols of measurements carried out using
special instruments for form deviation analysis.

Figure 4.a and b shows measurement records where the cylinder roundness deviation can be seen.
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Fig. 4. a) Roundness of analysed cylinder in plane I: -roundness deviation 4,=18,32 um
b) Roundness of analysed cylinder in plane Il: - roundness deviation A,=11,15 um.

Whereas figure 5 shows the measuring record obtained using the form deviation instrument,
Talyrond 265, and it includes the value and the type of cylindricality deviation for the analysed cylinder.
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Fig. 5. Cylindricality error of the analysed cylinder with visible surface damage; - the value of cylindricality
deviation 4,,= 89,88um

31



When we compare roundness and cylindricality deviation values obtained using “roundness gauge”
to the results obtained from measurement carried out using callipers, one can conclude that those results
differ from each other, especially as regards cylindricality deviation. This results from the fact that there
were numerous damages to the cylinder. The character and size of the cylindricality deviation was
determined only during measurement performed using specialized instrument. Its shape should be
classified as a specific case, i.e. the saddleback distortion, unlike it had been determined earlier, as taper
distortion.

Piston measurements

Measurements of the form deviations for the piston shown in the figure 5.10 were carried out using
basic measuring instruments and by means of the roundness gouge Talyrond 265
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Fig. 6. Piston roundness diagram

Whereas figure 7 shows the measuring record obtained using the instrument Talyrond 265,
manufactured by Taylor- Hobson, and it includes the value and the type of roundness deviation for the

analysed piston.

e

I i o G Tl
AL G e Vo] Pt iy Wb o P - 7" G Gan Weed s s i SR G o o

[0 X 0§ e B LT =

Ty o ReE e e e we
e (oo . . S
) ol =
:—{ =
B =]
=i =i
Bl I
) =
A 14
1y bl
T r
Jl_l_! A
‘ =
i il
s « S : il 4 3 :
| Theta 007 a - . 'nE_WOD‘ L] E: L .
I R % e iy e
Trets 450 & _ deita Theg s G 1 | Theea 4527 - ) _okila Ttz a5 1
J £ | = % l | I 1
e <= A7 @% = == - @ g <171 e%
S L S s By
B5dum 100003 118635mm Wiy e ﬁl‘l‘j\ JJhI @% 35, 5um 100803 mn 113835 mm BB e oy :4"’J __X.JJ &ﬁ
[ —_— TRIEE 3 G Fancrsilamna iR B ¥y upahal porese, naciint{ ks P L TRIES 2.0 Parcrer Lo ab B AT

Fig. 7. a) Roundness of analysed piston in plane I: -roundness deviation 40=218,40 um
b) Roundness of analysed piston in plane II: - roundness deviation A0=224,10 um

Whereas figure 8 shows the measuring record obtained using the instrument Talyrond 265,
manufactured by Taylor- Hobson, and it includes the value and the type of cylindricality deviation for the
analysed piston.
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Fig. 8. Cylindricality error of the analysed piston with visible dent in the surface;
- eylindricality deviation Aw=471,33um

When comparing the roundness deviation value determined using dial gauge and its value measured
using special instrument, one can conclude that measurement in the repair workshop was performed
correctly. However, if the value of the deviation calculated on the basis of measurement performed using
extensometer was compared to the previous one, the measuring error would be about 20um. Whereas when
comparing the value of cylindricality deviation, one can notice very large spread of measuring results. This
results from the type of the piston wear, because the terminal cross-section, that was characterised by
largest wear, was not measured in the repair workshop.

Conclusions

The most popular way of the analysis of unreliability is determining the minimum and maximum
value of the analysed parameter. However due to performance deviations of the axisymmetric joints, it is
necessary to apply more complex methods. Actual functioning of those joints is associated with: reduction
of the contour contact area, change of function (negative allowance, play), assembly stresses, stress
concentration, friction factor values spread, which reduces ability of load transfer. Assessment of actual
functionality of axisymmetric joints depends on appropriate selection of the fit, the shape, the geometric
structure of the joint components and taking into account its complete structure in the XYZ co-ordinate
system.
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