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INTRODUCTION

In the long shafts’ manufacturing process, 
rolled semi-finished products which have a consid-
erable curvature when supplied, are used.

Before undergoing machining process, which 
allows for obtaining a shaft confirming with the 
assumed tolerance for curvature of its axis, the 
semi-finished product must undergo straighten-
ing process in order to gain the rectilinearity of 
0.5 mm for 1 m of length [3, 5, 7].

The disadvantage of straightening by bending 
is the emergence of irregular residual stress in the 
longitudinal section of the shaft’s semi-finished 
product. In the machining process, the stress leads 
to the emergence of bending moment and to the 
change in the rectilinearity of the shaft’s axis [1, 2].  
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Axial straightening is widely implemented. In 
the process of straightening of a cylindrical semi-
finished product, all fibers reach the extremes of 

their plasticity, thus any preexisting axial residual 
stress is removed. During axial straightening all 
residual stress is removed when permanent defor-
mation equals 0.5–1% [4, 6].

Research conducted on the heat-stress treat-
ment device [2, 5], in case of axial straightening 
of shafts made of X10CrNi18-8 austenitic steel, 
is coupled with hardening process (to improve 
steel’s corrosion resistance) but tempering is not 
required [7].  Austenitic steels possess a high ther-
mal expansion factor and low level of plasticity, 
thus in order to induce axial stress of straightening 
after heating up the semi-finished product in the 
preparation for hardening, the product’s extreme 
ends are fixed in a device made of steel whose 
thermal expansion factor is lower than the factor 
of the shaft’s product. Cooling of the device is 
executed with the product fixed to the device. As 
a consequence of the difference in thermal expan-
sion factors, during cooling process axial force 
emerges, which brings about axial straightening 
of shaft’s semi-finished product. The aforemen-
tioned device consists of a steel 20 pipe with per-
forations enabling contact with the surrounding 
environment. Mountings are located at both ends 
of the device.  
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Qualitative axial straightening of shaft’s 
semi-finished product is understood as the pro-
cess where the result of the operation of axial 
straightening force is that none of the fibers in 
every cross-section of the product is under stress 
exceeding the limit of plasticity. During compres-
sion and then stretching, on the surface of any 
cross-section, stress not lower than the limit of 
plasticity emerges.  

As a maximum input bend of the semi-finished 
product we understand such initial bend which, 
in the fiber undergoing extreme compression,  
brings about stress which does not exceed the 
limit of plasticity in the temperature correspond-
ing to gaining rectilinearity by the curved axis. 
Otherwise, a compression cold work emerges in 
the semi-finished product’s cross section, which 
is not removed in the further stretching process- 
Bauschinger effect. As a consequence, an asym-
metric crumple zone emerges which corresponds 
to asymmetric distribution of residual stress, as 
regards axial symmetry of the cross-section,  in-
fluencing shaft’s rectilinearity. It was established 
that the bend of the long shaft semi-finished prod-
uct’s axis closely corresponds to the quadratic 
parabolic equation:  
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where:  ymax – maximum output bend of the semi-
finished product, l – distance between 
centers of the extreme sections of the 
shaft, z – current bend value.

Maximum stress emerging in the extreme fi-
ber during stretching process of shaft’s bent axis 
to reach rectilinearity is described as:
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where:  Froz – axial force, Wx – shaft semi-finished 
product’s cross-section’s strength.

Froz value is defined in accordance with equa-
tion [1] whose transformation gives the following 
formula:

 , (3)

where:  d – shaft semi-finished product’s diam-
eter, E – Young’s modulus.

Determining the relationship of l to d via K0 
the following was obtained: 

 . (4)

Due to the fact that maximum compression 
stress in the compressed fiber emerges during 
shaft’s cooling by temperature DT° corresponding 
to shrinking to the value of maximum initial bend 
and also shift of s02 along with temperature drop 
(s02 = s02(t), Е = Е(t)), (4) can be transformed 
into:

 . (5)

While changing temperature by DT°, its length 
will decrease by:

 
Tltl D⋅⋅D=D )(a , (6)

where: Da(t) – disparity of thermal expansion 
factors of device’s material and shaft’s 
semi-finished product functionally related 
to temperature.

Shaft’s shortening Dl during cooling ought to 
allow for achieving rectilinearity of the bent axis, 
i.e.:

 21 2dd +=Dl , (7)
where: d1 – distance required for the “selection” 

of shaft’s semi-finished product’s bend, 
defined as:
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 d2 – backlash between the head of the de-
vice and the head of the abutment equal 
to:

l
dw max
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where:  dw – diameter of abutments.

The relationship of the nut’s diameter to the 
diameter of the product was designated as С, 
from (4) DT° was defined:
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Substituting (8) to (5) and solving dmax, maxi-
mum initial bend of the product was determined 
as regards its geometry and physical characteris-
tics of the material. 

In particular, in case of shaft’s semi-finished 
product made of X10CrNi18-8 steel and the de-
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vice made of steel 20, they are defined as the following:

.

When comparing values of the initial qualitative bend with the data regarding real semi-finished 
products made of  X10CrNi18-8 steel with the diameter of 20–80 mm and 30/80 length/ diameter ratio, 
it was determined that semi-finished products whose initial bend is larger than initial qualitative bend 
exist. Therefore, before conducting long shaft’s straightening, shaft’s ought to be selected according to 
their initial bend. In case of  X10CrNi18-8 steel shafts, semi-finished products of 1050 mm length and 
30 mm diameter, their initial qualitative bend ought to amount to no more than 3.4 mm. However, semi-
finished products whose bend equals 6mm and measurements correspond to those above exist. 

Semi-finished product’s bend which can be made rectilinear by heat-stress processing, provided that 
such straightening is applied to the product whose initial bend does not exceed the maximum qualitative 
bend, is defined as the following: when cooling, the shortening of the product ought to compensate for 
to sum of elongations
 4321 2 dddd +++=Dl , (9)

where: d3 – shortening of the device as a result of implementing a load from the shaft’s shortening semi-
finished product which equals:

,

where: sT – the limit of semi-finished product’s plasticity at  20 °С, Eprz – elastic modulus of the device’s 
material at  20 °С, Ks – device’s rigidity vs. semi-finished product’s rigidity ratio, d4 – elongation 
which ought to be applied to the product so that extreme fibers undergoing compression stress 
gain stress not lower than the limit of plasticity of the shaft’s material at stretching equal to:

,

where: sk – stress in the extreme fiber during semi-finished product’s maximum bend occurring during 
stretching to gain rectilinearity.

In accordance with (4) in order to establish sk:

,

where:  Et – elastic modulus of the shaft’s material in heating temperature.

Solving (9) as regards dmax the following was obtained:

 , (10)

where: T – heating temperature, Da – disparity of thermal expansion factors of device's material and 
shaft's semi-finished product in  temperature range of 20 °С to heating temperature.

In order to improve precision and stability of the part’s geometric shape of low rigidity, a method 
coupling straightening and heat treatment was devised. The utilization of the method allows for  axial 
straightening of shaft’s semi-finished products during their heat treatment, and improvement of the ini-
tial bend of the product as a result of fibers stretching in cross-section up to the limit of plasticity and 
forming symmetrical residual stress in the product. 
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SUMMARY

Universal equations describing the dynamic 
system of heat-stress treatment of axiosym-
metric parts of low rigidity including changes 
in their geometric parameters were obtained 
and analyzed. These relationships allow for the 
evaluation of secondary defects of elasticity. 

A considerable influence of irregularity in 
the distribution of heating temperature in the 
technological process on forming spatial stabil-
ity of low rigidity parts was shown. Application 
of apriori information does not provide basis for 
calculations with the required precision due to a 
considerable spread of physical  and mechanical 
properties and geometric parameters of semi-
finished products.  

Relations of input and output parameters of 
the controlled subject – a dynamic system, are 
defined with the use of linear differential equa-
tions with constant quadratic and higher coef-
ficients. 

Studies in axial straightening of shafts cou-
pled with hardening process (implemented in 
order to improve corrosion resistance of steel) 
were carried out in a device for heat-stress treat-
ment device. Suitable relations describing the 
process were developed.
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