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Abstract

A high-speed transmission table is widely used in industry with an increased
demand. The preloaded ball-screw device is a major component in a
transmission system. To bear the applied load, the preload and inertial forces, a
four-cycle ball-screw is necessary. The kinematic behaviour and friction of the
ball and raceway are more complex than the double-cycle ball-screw. A new
calculation concept is used to simplify the complex calculation. Contact and
friction were found at each cycle, and they varied with operating conditions such
as the applied axial load and the rotational speed. The study is helpful in
realizing the contact and friction behaviour in a preloaded, four-cycle ball-screw.
The calculated results are well confirmed with the surface strain, and the
temperature of the experiments was obtained from the vertical motion of a high-
speed ball-screw system. The thermal expansion behaviour of a nut is found to
be similar to its linear thermal expansion function.

Keywords: ball screw, high speed, thermal expansion, four cycles.

1 Introduction

Due to the need for precision technology, tool machine and precision machine
centres are required for high speed, high accuracy, long life and automation.
High-speed ball-screws are a key transmission component in a fast fabrication
instrument. A high speed ball-screw is defined with linear speed over 90 m/min,
acceleration at 9.8 m/s?, and high positioning accuracy, high stiffness, and low
transmission vibration. High speed transmissions bring high friction heat that
occurs at the contact area of the ball and the raceway; the friction leads to
thermal expansion [1]. Variation of the contact geometry of the ball, screw and
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nut will affect positioning accuracy. However, the variation of the contact
geometry of each component in a ball-screw cannot be discovered by experiment.
Positioning error of a high-speed ball-screw can be observed by the optical ruler
and is related to the thermal expansion coming from the nut and screw. Skidding,
which occurred at the contact areas of the ball-screw and the ball-nut, is the main
cause of positioning errors [2]. Skidding is generated from the effects of friction
and the elastic deformation formed by the sliding and contact forces, respectively.
The ball-screw mechanism is a closed system. It is difficult to directly
investigate what occurs on the inside of a ball screw when it is moving. It is
feasible to use numerical analysis to solve several kinetic parameters in terms of
the kinematics and dynamics of this system. Then, expressions are built for such
performance parameters as the friction coefficient, the slide—roll ratio and the
mechanical efficiency. The kinematic behaviour of the ball screw is similar to
that of a ball bearing; the analytical method applied in the analysis of a ball
bearing can thus be exploited to modify the ball-screw motion. Harris [3, 4]
analysed how the skidding behaviour arising between the balls and the inner
raceway, where rolling surface distress is induced, can eventually lead to bearing
destruction. The model developed in Harris’s study is cited in the present study
to find the contact angles of the ball screws, as well as several angular velocities
through geometric transformation. Contact geometry and friction of the contact
areas varied greatly when the screw rotation is operating at low and high speeds.
These two speed sub regions are usually bordered at 1000 rpm. The distinctions
due to the high rotational speeds are caused by a significant increase in the
centrifugal force of the balls [5] and the slip motion formed at the ball and the
raceway. The centrifugal force of a ball operating at a high rotational screw
speed was presented as a function of the screw rotational speed and the axial load
applied in the nut [5]. The increase in the centrifugal force of a ball leads to an
increase in the frictional force and thermal heat, which causes thermal expansion
and greater positioning error. In the present study, a vertical motion ball-screw
testing instrument was used to investigate the relationship between the
theoretical analysis and the experimental measurements of the thermal expansion
of the nut when the ball-screw is driven at high speed with an axial load. A four-
cycle offset preloaded type ball-screw model is presented.

2 Analysis method

A four-cycle ball-screw model consisted of two nuts with two cycle balls each.
Preload is applied at the middle of these two nuts by the use of offset rings as
shown in Fig. 1. Figure 1(a) shows the non-axial load applied condition. A
preload force Fp is applied between the two nuts, and the contact geometry
becomes symmetrical along the middle of the two nuts. The same contact angle o
appeared at each contact area. When an axial load is applied at the right side, the
contact geometry varied with the value of applied load. The contact angles at
the contact areas are no longer identical.
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Screw
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Figure 1:  Contact geometry of the four cycle, double nut ball-screw,
(a) non-axial load, (b) with axial load.

A kinematic analysis method is established for calculating the contact forces,
the oil film thickness and the frictional forces to obtain the heat flux value, as
shown in Fig. 2. The contact pair is defined as the left and right contact side. For
the first step, the two recycling loops of each nut are assumed to have axial
symmetry and bear the same load. The two-cycle ball-screw calculating method
is thus used to obtain the applied load at each nut. The calculating method can be
followed with a study from 2009 [6]. Then, the load at each of the two nuts can
be calculated by non-preload conditions and converged by the force equilibrium
of each nut. In the calculating flow chart, the right contact side is calculated first
until the axial load applied at nut is in equilibrium with the contact, friction and
centrifugal forces. The left contact side load is then calculated by the same
method. The kinematic simulation is thus calculated by these two ball cycles and
then converged by the force equivalent equation on the nut side. The lubrication
calculation uses the EHL theory, and the different temperature and shear rates
help to experimentally measure the viscosity of the grease, as shown in Fig. 4.
The sliding speed Vs, the friction f and the contact area Ay of the contact region
between the ball and the raceway are obtained by calculating the heat flux q, as
shown in Eq. (1).

6oy (0) =V, (0) x| L For. | (9),i =100 ~ 3000rpm (1a)
' Ay, i
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Input geometrical and operating parameters, including radius of ball and raceways
helix angle, initial contact angle, pitch cycle diameter, rotational speed, axial force
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Figure 2:  Calculation flow chart.

The heat partition ratio between the ball and nut is shown in Eq. 3[7], which
is established in a ball on plate model.

0.807(r,v,) ;[ kpe,),
Rni =
"k +0.807(rv) 1 (kee,),
where, 1/(kpc)w and ./(kpc), are the heat conductivity coefficient of the

raceway of the ball and nut, respectively. Considering the acceleration to be
steady and deceleration to be in stages, the rotational speeds are varied from 0
rpm to 3000 rpm. Heat flux is generated by different rotational speeds, and they
are averaged by their processing time and summarized in one stroke.

@)
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The heat flux of the contact area is a boundary condition of the finite element
model. The model is solved by Ansys software (Ansys Inc., USA); the
calculating coefficients are shown in Table 1. On the flange of the nut, the
impinging flow boundary was given as shown in Fig. 3; around the body of the
nut is a heat conduction condition. From the study of Kobus and Shumway (see
[4]), the average heat convection factor h is obtained by the Nusselt number N,,
and the conductive factor of air at ambient temperature kg, (26.3 x 10 W/m- k)

N, xk,, 0966R"“Pxk, W
D D
where, the Reynolds Number R, =VD /v , D is diameter of the flange of the nut

(95x10° m), v is the viscosity of the ambient air (15.89 x 10~ m%/s), V' is the
flow speed of the air, which is dependent on the rotational speed of the air, and P;
is the Prandtl Number, 0.707.

hiz

Table 1:  Ansys workbench coefficients.
Ansys workbench coefficients
Analysing type Steady heat
Steady structure
Grid Type Four face body
Nude number 120605
Element number 75616
Material parameters | Type Bearing steel SUJ2
Young’s modulus 2X10'" GPa
Poisson ratio 0.3
Tensile strength 2.5X108GPa

‘"" Nut
Air Flow Direction ‘ T B
-1 r=
F=-f-=--==-=-=----- f=f---=-------- 1
)| |

Figure 3:  Impinging flow boundary given at the edge of the nut flange.
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3 Experiment

Tests to determine the thermal expansion were conducted on a vertical motion
ball-screw test machine, as shown in Fig. 4(a). The test machine consisted of
several components: a servo-motor, a torque meter, a ball-screw, a load cell and
a holder fixed on the housing of a nut. The servo-motor was the primary power
supply source. The maximum torque supplied was 15.8 N'm, the acceleration
was 9.8 m/s%, and the maximum rotational speed was 3000 rpm. An axial load of
200 kgf was applied on the holder, which was connected with the nut of the
testing ball-screw. The stroke was 410 mm and lubricant used was grease with a
base oil viscosity of 40 cst at 40°C. Detail parameters of the testing ball-screw
are shown in Table 2. The temperature of the screw was obtained by a thermal
imaging device located behind the machine frame; the device captured the screw
surface temperature every minute. The temperature of the nut was obtained by
four T-type thermocouples that were buried in holes nearby the raceways, as
shown in Fig. 4(b). Thermal elongations were calculated by the linear expansion
equation

AL=11.6x10"xAT xL, (5)

where AL is the thermal elongation length, AT is the thermal rising of nut, and
L, is the total length of nut. One dozen strain gages were also installed on the
side of the raceway on the surface of the nuts, as shown in Fig. 4(b). The surface
strain of the nut is useful in determining the variance of the contact deformation
with an applied load and can be used in confirming the results with the
theoretical analyses.

3 motor SGMSH-40A
bearing set A

controller
N torque

meter KYOWA TPS-A

optical ruler

load 200 kgf

2 ball-screw
~~._R32-16K2-FDC-598-716-0.018

__bearing set

Thermal couple

Figure 4:  (a) Experimental instrument; (b) temperature rising measurement.
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Table 2:  Parameters of the testing ball-screw (from the catalogue of Hiwin

Corp.).
Type R32-16k2-FDC-598-776-0.018
Parameter Value Unit
Helix angle 8.67 Degree
Cycles of each nut 2
Lead 16 mm
Curvature of raceway 3.429 mm
Ball diameter 6.35 mm
Effect ball number 66
Preload 120 kgf

4 Results and discussion

The calculated results of the four cycle double nut ball-screw contact and the
dynamic analyses are the boundary conditions for the Ansys simulation. The
contact forces and the frictional forces occurred at the contact areas between the
ball and the raceways; these forces are used in calculating the heat flux, as shown
in Fig. 5. The contact forces are increased only with an applied axial load. An
increase in the screw rotational speed increases the frictional forces. The contact
and frictional forces affect heat flux by the use of Eq. (1), and they increase with
the increase of the rotational speeds and axial loads.

XY Contact Force
—u— Friction Force

110 4 30000
40-{ —m— Heat Flux
NN
35 §\ - 28000
48
30 - 26000
= z N’E\
z =S T
T 5 N -6 8 o 24000 5
8 N\ 51" 2
(=] N w X
w204 5 - 22000 i
o = -
2 15 ‘2 g
T
<] L=+ 20000
o
10
2 18000
5
- 16000
0 0

750rpm40kgf  750rpm200kgf 3000rpm40kgf 3000rpm200kgf

Figure 5:  Contact, frictional forces and heat flux varying with operating
conditions.
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The deformation of the nut is originates from two sources: one source is the
contact force in contact area and the other source is the thermal expansion
produced by the frictional forces. Deformation of the nut is shown in Fig. 6(a).
Because the flange of nut is fixed with the holder, the flange deformation is
smaller than the other side. Thermal expansion is thus extended through the
length of nut to the opposite, unfixed side. The contact forces of the right contact
side are also much higher than on the left side, as shown in Fig. 6(b). Therefore,
the deformation of the right side nut is also higher than the left side, owing to the
effect of the higher contact forces.

(a)

100 -
Rotational Speed 3000 rpm
Preload 120 kgf
g0l —®L1
—o—1L2
—A - R1 v R2

—v—R2 /
60 -]
AR1
40

Contact Force (N)

20 | A A /
| ] @ "
0 T T T T 1
0 120 240 360 480
Axial Load (kgf)
(b)

Figure 6:  (a) Deformation of the nut; (b) contact forces vs. axial load.

The temperature distribution of the nut also shows the same trend as the
deformation (as shown in Fig. 7). At the flange side, the temperature is lower
than at the other position. Because the flange is fixed with the holder, the heat
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conduction rate is higher than in the other area. The figure is also indicated that
high rotational speeds bring higher frictional heat and cause higher temperature
rises on the nut.

(b)

Figure 7:  Temperature distributions on the nut surface with an applied axial
load of 40 kgf and rotational speed of screw as (a) 750 rpm and
(b) 3000 rpm.

Confirmation is very important for the application of an analytical model. The
surface strain of the nut is shown in Fig. 8. Experimental results and analytical
data are well confirmed and the calculation error is less than 10%. The great data
spread, marked with Fp, is the position of the offset ring between the two nuts.
The surface strain of the left nut is lower than the right one due to low contact
forces and thermal expansion. The strain is also increased with the increase of
the axial load, owing to the rise in the contact forces (as shown in Fig. 6(b)). The
surface temperature of the nut also appears with the same trend of surface strain
(as shown in Fig. 9). A fine calculating error and tendency are revealed.
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Figure 8:  Surface strain of the nut with different axial loads (a) 40 kgf and

(b) 200 kef.
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Figure 9:  Surface temperature of the nut with different axial loads (a) 40 kgf
and (b) 200 kgf.

After complex calculation and experimental processes, the question remains
regarding other simple ways to achieve nut deformation. Eq. (5) is used to
calculate the temperature and thermal expansion of the nut, which is the linear
expansion function. The Ansys model also provided simulation results of the nut
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deformation. Figure 10 shows the deformation of the nut varying with the heat
flux. The linear expansion data has the same tendency as the simulation results.
The difference between the two data sets is caused by the deformation produced
from contact force; the force is not large and decreases with the rotational speed
increase. Thermal expansion causes major deformation of the nut. The finding
can allow users to easily estimate the nut deformation at a high rotational speed
for the vertical motion ball-screw system.

—a— Linear Expansion of Nut
2.4x10% - —e— Simulation Results

Specification:R32-16k2-FDC-598-776-0.018m
) —A— Heat flux of nut 5
Acceleration:9.8 m/s - 1.2x10
Experimental Condition
-Rotational speed: A
_ 750&1500&3000 rpm A /A
E , | -Load: - 9.0x10° .~
= 1831077 401208200 kgf g
w4
£ E
= - 6.0x10" =
g‘i ot
5 <
R =
1.2x107
4 3.0x10°
a—A
A 12.8% 135% 9 069
9.90% =% 7.78% =7 9.96% 4 110 6.36% 5.51% 1469

r——r—— T —T—T—— T
750 rpm 750 rpm 750 rpm 1500 rpm 1500 rpm 1500 rpm 3000 rpm 3000 rpm 3000 rpm
40kgf 120kgf 200kgf  40kgf 120kgf 200kgf  40kgf 120 kef 200 kef
Experimental Condition

Figure 10: Deformation of the nut vs. the operating conditions.

5 Conclusions

An analytical mode that combined kinematic, contact and finite analyses is
presented and well confirmed with the surface strain and temperature of a nut in
a four-cycle double nut ball-screw system. In the vertical high-speed motion
ball-screw instrument, the nut near the flange has a lower deformation and
temperature rise than the other nut; being fixed with the holder, the better heat
conduction rate and the lower contact forces on contact area all decrease the
deformation. The linear thermal expansion function is also successful in
comparing the presented complex analytical model that has reasonable
differences due to the deformation produced by the contact forces. Thermal
expansion dominates the deformation of the nut in a vertical high rotational
speed ball-screw.
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