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Abstract:

High Speed Machining (HSM) offers the promising choice for increasing industrial
demands. However, HSM implies more reciprocating movement in machine tool axes.
Friction forces, which occur in highly speed moving components, such as ball-screw
assembly subjected to linear motion, will induce heat. Factors such as cutting forces,
material weight, feeding acceleration, etc, decide how much heat that will be generated
and accumulated. On the other hand, positioning sensor used in HSM, which detects
machine position by means of rotary encoder that is mounted on the same axis with the
screw-nut assembly, is mostly indirect positioned. Machine position is determined by
converting rotary encoder signal and ball screw's lead into linear translation position.
Accordingly, positioning error will occur when lead is not uniform in motion or there is
a change in lead when machine is being operated.

In this research, heat generation due to friction forces induced in the ball-screw-nut
assembly is studied. The aim is to understand the phenomenon of heat accumulation
that may affect positioning errors due to lead-elongation. Additionally, the deformation
caused by temperature increase is estimated based on temperature distribution within
the ball-screw assembly which is determined numerically applying the conventional
finite difference method.

Keywords: HSM, Heat Generation, Friction, ball-screw assembly, positioning error, finite
difference method.
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Introduction:

Ball Screw assemblies (BSA’s) are important components in modern CNC machine tools
that convert rotary motion into linear motion. They comprise a Ball Screw, with an external
helical groove or raceway, a Ball Nut, with an internal helical groove or raceway, and a
system for re-circulating balls, which are rolling elements fitted between the Ball Screw and
the Ball Nut (See Figure 1).
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Figure (1) Ball-Screw-Assembly (BSA)

BSA’s are supplied in different lead accuracies, with or without pre-load depending upon the
application. There are also different pre-loading methods - for machine tools, BSA’s will
usually have a two point angular contact pre-load.

In machine tools, BSA’s most commonly drive each of the three axes (x, y, z) coupled with a
servo-motor and encoder. Standard CNC machines are fitted with a control which is linked to
the servo motor and encoder, but more expensive machines may also have linear feed-back
via a scale attached to the axis. The servo-motor can make very small angular movements
which, when coupled with the BSA, moves the axis as little as 1um. Clearly, positional
accuracy and repeatability of the BSA is an important part of overall machine tool accuracy.

The Failure of Ball Screw Assembly:

BSA’s fail for a number of reasons:
Fatigue wear: this wear occurs when the surface of a material is weakened by repeated cyclic
loading resulting in material fatigue. See Figure (2):




The surface of ball nut is
weakened by repeated
cyclic loading

Figure (2) The effect of fatigue on ball nut surface

Adhesive Wear: Ball Screws have traditionally been designed using conventional materials.
The Ball Screw and Ball Nut are most commonly manufactured in bearing steel and the
rolling elements (balls) are manufactured in carbon chrome steel. However, during any
sudden acceleration or change of direction, conventional rolling elements will not have a true
rolling motion but will initially be prone to sliding and galling. This leads to adhesive wear
and micro or cold welding because of the steel-ball-to-steel-raceway interaction, where
surface projections, or asperities, are plastically deformed and eventually welded together by
the high local pressure. See Figure (3).

Particles welded together
because of cold welding
caused by adhesive wear

Figure (3) The effect of adhesive wear on Ball surface

Positional Accuracy Error: a BSA’s life can be considered in another way, known as its
‘wear life’ - the number of revolutions it can make before its positional accuracy deteriorates.
For machine tool designers and maintenance engineers, wear life is an important factor to
consider, as this will gradually deteriorate over time. This is especially evident in today’s
machine tools, which increasingly need improved positional accuracy, increased acceleration
and linear speed.

However, there are many extraneous variables which affect the life of a BSA in the field, such
as contamination, incorrect lubrication, misalignment, or even application errors. In this
research, we will be concerned with the positional accuracy error because it has something
related to heat generated by friction which in its turn caused by the high speed motion.

The heat generated by friction:

High speed forces the moving components including BAS to work harder; hence
friction between two moving components will induce heat flux which represents the initiation
of thermal deformation. On the other hand, CNC machines which use indirect positioning are
mostly facilitated with pitch compensation error. Error compensation, which represents the
input to the control unit, is measured using absolute measurement and compared to the value
displayed on the monitor. According to the way the error compensation is input, the



deformation caused by heat generation is not yet in indirect measurement system such as
rotary encoder. Apprehensive deformation will influence the product dimensions, so it needs
to be controlled after knowing temperature distribution in the moving components, namely
BAS which is prone to thermal deformation and hence becoming the source of error in
product dimensions.

This research is trying to determine the temperature distribution in ball-screw-nut system on
CNC machines using finite difference method. Having known this temperature distribution,
thermal deformation is consequently calculated.

Basic theory:

When a temperature gradient exist in a material, experience has shown that there is an
energy transfer from high temperature region to the lower temperature region which is called
as transferred energy by conduction. Conduction can be analyzed by Fourier's law [4], that is:

dT

q=—kA o (1)
Where g = heat transfer rate of conduction (W), k& = thermal conductivity of material
(W/m.°C), A = surface space of material (m?), dT/dx = temperature gradient in the direction of
heat flow (°C/m).
Consider a material of cylindrical shape in which cylindrical system of coordinates is used in
analysis. When one-dimensional heat transfer is assumed in radial direction, conduction
equation can be expressed as follows [4]:
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Where r = the cylinder radius (m), o = k/pc referred to as thermal diffusivity (m?/s), ¢ =
specific heat of material (J/kg.°C), and p = density of material (kg/m>).
Convection heat transfer is formulated using Newton's law of cooling which states that [4]:

q.=h AT, -T,,) (3)
Where /. = the convection heat transfer coefficient (W/m>.°C), T, = surface temperature of
material (°C), Ty, = temperature of surroundings (°C).

Almost all solids expands upon heating, the expansion is sufficiently uniform so that
the length is a linear function of temperature. Thus, the change in length, which is
proportional not only to the change in temperature but also to the original length L, is
expressed as follows [5]:

AL =a,(AT)L 4)
Where o, = coefficient of linear expansion, AT = temperature accretion (°C), L = material
length (m), and AL = length accretion (m).

Finite Difference Method:

The parabolic equation (equation 2) derived from the theory of heat conduction has a
solution which, for instance, gives the temperature 7T at a distance 7 units of length from one
end of a thermally insulated bar after ¢ seconds after heat conduction has passed through the
bar. In such a problem, temperatures at the end of a bar with a length of / are often known at
any time. In other words, the boundary conditions for our problem are known. It is also usual
for the temperature distribution along the bar to be known at some particular instance. This
instance is usually taken as zero time at which the temperature distribution is called initial
condition.



The area of integration S in »-¢ plane (Figure 4), is the infinite area bounded by r-axis
and the parallel lines » = 0 and » = /. This is described as an open area since the boundary
curves marked C do not constitute a closed boundary in any finite region of »-¢ plane.
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Figure (4) Quantification node on r — 7 space

In finite difference method, the area of integration of the parabolic equation is overlaid
by a system of rectangular meshes formed by two sets of equally spaced lines; one set is
parallel to Or and the other is parallel to 0z. The approximate solution to the differential

points are called mesh points [6].

Finite differences are substituted for the derivative in the original equation (equation
2). Thus, the differential equation is transformed into a set of simultaneous algebraic
equations. Finite difference approximation shown as these formulations [7]

aT _ T;il - T;il (5)
or 2(Ar)

2 J+l Jj+l J+l
a T — Ti+1 27—; + T;'fl (6)
or’ (Ar)?

Equations (5) and (6) are referred to as first and second derivative of central difference.

Model:
Model is required before the problem can be analyzed and calculated. In this research,
two models are studied, these are; machine tool mechanism model and activator component

model.

Mechanism tool of machine tool:

Primary motion concept of moving components incorporated in machine tool is
converting rotation to linear motion by a motor using the thread actuator (lead screws) [8].
Motion which is performed by nut and shaft will generate friction. Consequentially, heat
induced within machine components that can affect deformation against screw shaft and nut.
Hence, machine becomes less precise and the product will have dimensions that are not
accepted according to the expected quality.
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Figure (5) Forces acting on ball-screw-nut assembly
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Figure (6) Chip removal and geometry

Cutting force is determined by the produced chip forms during machining processes and is
formulated as follows [9]:

F,, =K, wh,)" "z (7)

Where K;;; = specific cutting force (N/mm?), w = chip width (mm), 4,, = thickness average of
chip (mm), &y = cutting angle, and Zc = effective tooth.

As an alternative way, cutting force can be found using the power and rotation of spindle as
follows:

Fis .n.d.nspmdle

P= (8)
60.000.000

Where P = power of spindle (kW), F,,; = cutting force (N), d = tool diameter (mm), ngingie =
rotation speed of spindle (rpm).

Total force occurred when ball-screw and nut are rotated. This rotation causes friction which
in its turn influences the torque that act upon moving components. The friction force will
generate heat flux which can be formulated as follows [9]:

Tn .0.1047
— actuater (9)

Fshaft 'Lnut

Where T = torque (N.m), nacmaror = totation speed of actuator (rpm), 7. = radius of shaft
(m), L,,, = length of nut (m).
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Model of moving components:

The research focuses on moving components of machine tool in the sake of high
precision. Those components are ball-screw-nut assembly which movement can be described
as follows [10]:

| Nut Length 1

\

.

\k\\\\\\\\\\\ W.
)k 7))

A

.

\

Ball Diameter

/

’\\

Shaft Diameter

\ i
\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\

wmn.

Figure (7) Ball-Screw-Nut System
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To simplify analysis, ball-screw assembly is modeled as a solid straight cylinder with no
thread while nut is modeled as a hollow cylinder with no thread. The model is shown below:

90 4o

Shaft Model Nut Model

Figure (8) Analysis Model of Ball-Screw-Nut System

Initial and boundary conditions:

Initial condition is the nut was kept at room temperature, that is 7(r,0) = 25°C, while the
boundary conditions for the nut can be formulated as shown in the following equations:

oT
1+ =—k— 10
‘10( ) o |77 (10)
_kg—T yep = (T,~T,,) (11)

the initial conditions at the shaft itself is given by:



k(=20 4T, (12)
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where kg is a constant which

The boundary conditions of the shaft can be expressed by the following two equations [6]:

dT
k—I|,.., =0 13
dr!"™" (13)
kd_T r=r; = hC (TY - TYLH'") (14)
dr ‘ ‘

Temperature Distribution of Moving Components:

During our analysis, the following conditions are applied:

Temperature gradient is assumed to be in radial direction

Friction occurred will induce constant heat flux at moving components which are in
contact.

Material of the shaft and nut have constant thermal conductivity and

No heat generation in all moving components.
Now, using equation (2) will give the temperature distribution in the numerical space which is
divided into many grids 7 and j. The resulting equation can be written as shown below:
TjH—ZTin-i-Ti{lH_i_ 1 Tj+1_Ti{Ir1 1 7‘;]+1_7’;]

i+l i+l

(Ar)? 2iAr Ar o At
which after simplification becomes:
T/ =~(m+mT2 +Q@m+ DT —(m—-mT! (15)
Where:
oAt oAt
m= > and n = NN
(Ar) 2i(Ar)

If the initial and boundary conditions of nut and ball-screw are put into equation (15) we will
have the following equations:
For the center of shaft:

- (2m + 1)7—;,_/‘+1 + 2mTi+1,‘j+1 = _T;',j (16)
For the outer surface of the shaft:
1 1.2A
2T, = @mA DT, =T, m(1+ gy () =5 (17)
’ l e

For the inner surface of nut:

1 1. 2A
- (27}’1 + 1)Ti,jJrl + 2m7—;+1,j+1 = _Ti,j - m(l - 2_)q0 (1 + _t) kr (18)
i e
For the outer surface of nut:
1. 2Arh 1. 2Arh
2mT,, ., —‘:2m +1+m(l +E)—k i|T;',j+l =-T,,—m( +Z) . T, (19)

and hence will yield thermal deformation analysis for moving components.



Analysis Result:

All analysis results are the outputs of programs which run using MATLAB. Those output
show the temperature distribution within the moving components which are in contact at
certain moment of time. Machine's operating conditions in all cases are:

Spindle speed = 30000 rpm,

Power of spindle = 11 Kw,

Feeding speed, Vy= 30 m/min,

moving component acceleration, a = 2 m/s’,

r;=0.02 m, 7, = 0.041 m,

Lshaft =1.300 m

Let us begin with ball-screw-nut assembly which its temperature distribution is shown in Fig.
(9) where the values of temperatures for both shaft and nut is shown in Table (1).
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Figure (9) Temperature Distribution in Shaft-Nut Assembly

Based on the figure above, thermal deformation caused by the change in temperature of nut
can be calculated as follows:

Ar; =12x10°(36.3 - 25) 0.02 =2.712x10° m

AFous = 12x107(36.3 - 25) 0.041 = 5.5596x10° m

Subsequently, deformation in nut is:

AL = 12x10°(36.3 - 25) 0.072 = 9.7632x10°®

In the same way, thermal deformation in shaft can be evaluated as follows:

Ar;=12x10°(32.4 - 25) 0.02 = 1.776x10°°

AL = 12x10°(36.3 - 25) 1300 = 0.17628 mm



Table (1) the temperatures of both shaft & nut

¥ Iy Shaft Nut

0 0.021 25.6185 26.1314
0.0010 0.022 25.6209 26.0897
0.0020 0.023 25.6261 26.0646
0.0030 0.024 25.6338 26.0467
0.0040 0.025 25.6441 26.0328
0.0050 0.026 25.6568 26.0215
0.0060 0.027 25.6719 26.0118
0.0070 0.028 25.6895 26.0035
0.0080 0.029 25.7094 25.9961
0.0090 0.030 25.7318 25.9895
0.0100 0.031 25.7565 25.9836
0.0110 0.032 25.7837 25.9781
0.0120 0.033 25.8132 25.9731
0.0130 0.034 25.8452 25.9685
0.0140 0.035 25.8796 25.9642
0.0150 0.036 25.9163 25.9602
0.0160 0.037 25.9555 25.9564
0.0170 0.038 25.9971 25.9528
0.0180 0.039 26.0411 25.9495
0.0190 0.040 26.0875 25.9463
0.0200 0.041 26.1363 25.9432

r, is the shaft radius and r, is the nut radius

By changing the cutting tool geometry, temperature distribution in tool diameter within 3600s
duration is shown in Fig. (10) below
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Figure (10) Temperature Distribution in Shaft-Nut System according to diameter variation

Using smaller tool diameter at the same machining process will result in temperature increase
within the tool itself. This can be interpreted as follows; small tool diameter at the same touch
angle between the tool and material to be machined will cause effective teeth progressively
increase during machining process, hence greater force action imposed.

With the same machining condition, increasing load will consequently increase friction
among components that are in contact and thus higher working temperature is expected.



Temperature Distribution within the Nut
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Figure (11) Temperature Distribution in Shaft-Nut System according to load variation
On the other hand, using longer lead could decrease heat flux induced in moving components.
The reason is longer lead decreases shaft rotation speed and consequently less friction among

moving components that are in contact occurred.
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Figure (12) Temperature Distribution in Shaft-Nut System according to lead variation

Notice that at different spindle speeds, temperature distribution in nonlinear because the
temperature distribution is determined by taking revolution of moving components in account.
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Figure (13) Temperature Distribution in Shaft-Nut System according to spindle speed variation



NOTE: All the Figures Above Have Been Drawn Though Computer Programs Using MATLAB
Compiler.

Conclusion and Suggestions:

The main cause of positional error occurred in moving components which is usually
encountered in high speed machines has been studied. Having done our analysis and getting
the results, our conclusions and suggestions can be summarized below:

The main cause of heat generation in the rotating component is the friction induced by
adhesive wear. This can be explained as follows; as the sliding on the surfaces in contact
continues, the bonds initiated by cold welding which is caused by adhesive wear are broken,
producing cavities on the surface, projections on the second surface, and frequently sub-
micron abrasive particles - all of which contribute to future wear in surfaces causing surface
roughness, excessive heat and eventual Ball Screw failure.

Even though the deformation caused by heat generated is so small, for example the difference
in the dimension of internal radius of nut is only 2.7 um, this difference will be so significant
and influential on the products shaped in CNC machines because, as we mentioned early, the
movements of nut are only few micrometers.

One way to improve the service life of traditional BSA’s is to have them serviced at regular
intervals, replacing the worn rolling elements, super finishing the raceways and re-preloading
the assembly. This will increase the life significantly (if not left too late and material fatigue
has not already occurred) and will also improve the positional accuracy.
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