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Abstract

Precision machinery employs a variety of materials for its structures: welded steel, cast iron, mineral cast, ultra-high-performance
concrete, and natural stone. The machine tool industry requires high control on the geometrical and dimensional stability of the
machine structure in order to ensure precise and accurate parts in the micrometer range. This means that even the smallest
deviation from the nominal values of the machine tool can result in unacceptable part tolerances. For this work, comparative
experiments were set up to analyze and evaluate the influence of load on the creep behavior of three classes of materials: mineral

cast, ultra-high-performance concrete, and natural stone.
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1 Introduction

Machine tools are designed to be operated over an extensive
period of time in the tenth of thousands of hours [1]; hence, the
long-term stability of the employed materials is a crucial topic.
The structures of machine tools (MTs), typically embodied by
columns and beds, as shown in Fig. 1, have the task to guar-
antee the correct geometry of the machine elements under
static, dynamic, thermal loads, and media exposure; hence,
they are fundamental components. Their thermo-mechanical
behavior depends on the geometry, dimensions, and material
properties. The most commonly employed materials for MT
structures are welded steel, cast iron, mineral cast (MC), and,
occasionally, ultra-high-performance concrete (UHPC), or
granite. Table 1 depicts the main physical properties of these
materials. Each of them offers distinct physical properties,
which makes them desirable for diverse applications.
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Machine tools demand high stiffness and moderate strength,
which leads to the design for stiffness [3]. This means that on
one hand, stresses are low, far below the strength of the ma-
terials, but on the other hand, MTs require stability in the
micrometer range under loads and within infinite time; there-
fore, even a minor creep can cause a problem. Thus, strain can
be limited by employing high Young’s modulus materials and
limiting the loads, as illustrated in green in Fig. 2.

The load case on the MT structures can fall out of the
specified range by the manufacturers, in particular for over-
determined positioning of large MTs, i.e., on more than 3 ft
[4]. Small machines are generally positioned on 3 support
points, eventually with a 4th auxiliary foot. This applies up
to a maximum machining volume of 1 m>. Above this thresh-
old, all MTs are over-determined and highly depend on the
stability of the factory floor and foundation [5]. For instance, if
the regular check and maintenance of the machine tool’s level-
ling is not correctly performed, it can lead to wrong position-
ing of the MT, which results in long-term stress concentrations
in the structure and, thus, creep.

2 State of the art

Creep is the slow deformation of a material under the influ-
ence of sustained mechanical stress. The extent of the creep
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Fig. 1 Instances of modern
machine tool structures [2]

strain, &, depends fundamentally on the applied stress, o, and
on the temperature, 7, over a period of time, ¢. The applied
stress can still be even several folds below the yield strength of
the material. Creep is a “time-dependent” deformation as
strain occurs as a result of persistent long-term stresses. The
temperature range in which creep arises varies for all mate-
rials. For instance, tungsten demands a temperature in the
thousands of degrees before creep deformation can occur,
while materials like lead already creep at room temperature
[6]. Materials exposed to heat can suffer from accentuated
creep, which generally increases as the materials come closer
to their melting point, 7, [7]. As reported by [8], metals typ-
ically show a surge in creep at approximately 35% of T, while
ceramics at 45% of T, where T is the absolute thermodynam-
ic temperature. Viscoelastic materials like polymers and
metals, when subjected to a sudden force, exhibit a time-
dependent increase in strain. The Kevin-Voigt model de-
scribes the response by representing the material with a
Hookean spring and Newtonian dashpot in parallel. A mate-
rial exhibits continuous linear viscoelasticity if the applied
stress does not reach a critical trigger value. Dissimilarly to
metals, concrete creep takes place at any stress level.
Hydration causes chemical hardening of concrete leading to
stiffening of its microstructure.

As shown in Fig. 3, when the process takes place at con-
stant stress, creep curves typically consist in a plot of strain vs.
time, and three stages can be usually recognized:

* Primary phase: after the load is applied, the creep rate
decreases with time.

* Secondary phase: the creep rate is nearly constant with
time; thus, it is also called the “steady-stage” phase.

» Tertiary phase: the creep rate increases drastically leading
to the fracture of the material.

These three phases, however, are not independent, as creep
is a continuous phenomenon. However, depending on the ap-
plied load and temperature, the creep deformation may con-
clude at a certain point during any of the aforementioned
phases. For instance, the secondary phase might be substituted
by an inflection point in the case of high stresses, or, on the
contrary, the tertiary phase might be missing in the case of a
lightly stressed specimen. According to [9], the analysis of
creep can be used as a basis of the “steady-state” creep stage.
Creep can thus be expressed with the Norton creep law [10]:

de  Co" =
E: db ekT
where:

* ¢ is the creep strain

» (s a constant dependent on the material and the particu-
lar creep mechanism

* mand b are exponents dependent on the creep mechanism

Table 1 Typical physical

properties of materials used for Property (unit) Welded steel ~ Castiron  Granite  Mineral cast ~UHPC

machine tool structures
Density (kg/m) 7800 7200 2900 2400 2450
Elastic modulus (GPa) 210 110 50 41 45
Tensile strength (MPa) 400 200 39 14 8
Compressive strength (MPa) 450 640 150 105 130
Thermal conductivity (W/m K) 50 45 3 3 2
Specific heat capacity (kJ/kg K) 0.5 0.46 0.79 0.73 0.75
Thermal expansion coefficient (um/m K) 12 10 6 15 11
Poisson ratio 0.3 0.26 0.25 0.25 0.21
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Fig. 2 Engineering stress-strain curve

* Qs the activation energy of the creep mechanism
» o is the applied stress

* dis the grain size of the material

* kis Boltzmann’s constant

* Tis the absolute thermodynamic temperature

3 Experimental setup

The creep measurements were performed in a specifically de-
signed test bench, shown in Fig. 4. The goal was to qualify
and quantify the creep phenomenon at ambient temperature
for mineral cast, ultra-high-performance concrete, and granite.
This allowed carrying out a direct comparison between these
materials, as the experiment was conducted concurrently un-
der the exact same conditions.

3.1 Creep test bench

The creep test bench can accommodate eight specimens to be
simultaneously measured. As shown in Fig. 5, the specimen is
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Fig. 3 Typical creep curve for metals

Fig. 4 CAD construction of the complete creep test bench

positioned on supports that offer a longitudinal rotation degree
of freedom, which guarantees a correct and symmetrical bend-
ing load of the specimen. The length gauge support, which
remains unaffected by the loading on the specimen, is then
installed on top of the specimen. This support is fitted on three
spheres on top of three glued steel washers onto the specimen.
A length gauge records the vertical deformation of the speci-
men. The entire system is thus mounted on a suitably stiff
table.

The load transmission into the specimen occurs through
two steel cylinders pressing in the middle of the top surface
of the specimen, as shown in Fig. 6. This is possible with a
1:10 transformation ratio through a lever arm at whose end a
rectangular weight is positioned. By shifting the mass back
and forth on the lever arm, it is possible to adjust the load on
the specimens to exactly the desired value.

3.2 Specimens

The machine tool (MT) and coordinate-measuring machine
(CMM) industries pursue improvements for all of their con-
stituent parts due to the increasing requirements concerning
quality and precision, which typically require resolutions in
sub-micrometer range. The materials chosen for the creep
measurements were granite, UHPC, and two different mineral
cast types, as shown in Fig. 7.

Granite is a felsic intrusive igneous rock, comprising mica,
feldspar, and at least 20% quartz. The granite’s origin and
composition have a strong influence on its properties. The
hardening occurs deeply underground so the cooling happens
very slowly. This allows crystals to grow sufficiently large,
enough to be distinguished with the unaided eye, as shown in
Fig. 8c. According to [14], granite follows Hook’s law and
can be analyzed by linear finite element calculations. Granite
structures offer high accuracy and flatness of the surfaces, low
thermal expansion, and conductivity, besides excellent vibra-
tion damping. However, its labor intensiveness and difficulty
to source blocks of large size and with equal properties limits
its application to coordinate-measuring machines (CMMs)
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Fig. 5 Detail of the creep test
bench

and high-precision machines, where granite’s long-term sta-
bility excels. Experiments carried out by [15] qualified granite
with regard to long-term stability under high moisture condi-
tions. Messaoud and Cherifa [16] conducted a study about
varying environmental conditions’ influence on natural
stones, whereas [17] studied micro-cracking in granite in-
duced by wide fluctuations in temperature.

Compared to conventional concrete consisting of cement,
water, and aggregates, UHPC’s microstructure contains ce-
ment, fine sand, crushed quartz, and silica fume.
Characteristics are a high share of cement to increase the
strength, and a very low water to cement ratio in order to
reduce shrinkage and the final porosity. To aid with fluidity,
additives can be supplemented. In contrast with traditional
concrete, the interfacial transition zone (ITZ) of UHPC shows

Fig. 6 Load introduction
mechanism 4
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support
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Longitudinal
blocking

less porosity and higher density, as shown in Fig. 8b.
According to [18], UHPC follows Hooke’s law. UHPC has
been mainly employed in the civil engineering branch, such as
foundations of bridges or high-rise buildings. Thus, creep tests
were performed on a much larger scale and consequently had
tolerances orders of magnitude higher than what the MT in-
dustry typically requires, as reported in Barbos’s creep tests
[19]. Unlike [20] where the early age creep (up to 7 days) was
studied, this work focuses on creep of aged UHPC specimens,
as the MT structures are intended to be utilized with a high
degree of long-term stability with decades of order of
magnitude.

Mineral cast is a material that comprises aggregates of se-
lected sizes, fillers, sand, and an epoxy matrix. MT structures
are stiffness-driven designed, therefore typically display a

1050 mm

295 mm
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Fig. 8 Magnification of mineral cast (a) [11], ultra-high-performance
concrete (b) [12], and granite (¢) [13]

volume ratio of the filler to the binder of 9:1 or above, in order
to reach an as high as possible Young’s Modulus. Figure 8a
illustrates an instance of a mineral cast microstructure with
different grain size aggregates. Mineral cast is a cold cast that
takes place in molds made of wood, plastic, or steel. The cold
casting process allows the direct integration of anchor bolts,
tubing for hydraulics, wiring, tanks, and hollow bodies [4].
Unlike granite, mineral cast offers shorter lead time, flexibil-
ity, and industrially controlled material properties. MC offers
a low thermal expansion coefficient and heat conductivity,
and higher specific heat capacity; thus, thermally stable ma-
chine structures can be produced. According to [21], a mineral
cast can be modelled as an isotropic, homogeneous material
following Hooke’s law. However, as shown by [22], when
mineral cast is subjected to compressive loads greater than
20% of its nominal compressive strength, creep in sub-
micrometer range may occur at room temperature.

For this work, the creep tests were performed on spec-
imens measuring 400 mm in length, with a width and
depth of 80 x 80 mm, respectively. This cross section
was chosen based on the manufacturer’s recommendation
for the minimum wall thickness of mineral cast in order to
guarantee the physical properties of the specification
sheet. Namely, the advised minimum wall thickness was
fivefold the size of the largest stone used in the mineral
cast mixture. Based on the material properties of the three
chosen materials, the creep test was performed with a
vertical loading force of 5160 N in the center of the spec-
imen, as shown in Fig. 9, resulting in a constant tensile
stress. Figure 10 shows the stress distribution, evaluated
by finite element analysis carried out in the Ansys
Workbench. The maximum tensile stress on the lower
side at half length of the specimen, and the compressive
strength at the upper side, respectively, is 5 MPa.

400

2oy

ISOmm

<5

0 mm
F=5160N

!

380 mm
Fig. 9 CAD details of the specimens and their setup
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Fig. 10 Ansys FEA for the
maximum tensile stress on the
specimens
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3.3 Sensors

The employed sensors to record the creep strain were the
ST 1280 from Heidenhain, shown in Fig. 11a. These sen-
sors have a range accuracy of <0.3 um, and a repeatability
of 0.25 um. Owing to the Invar construction, the sensors
can guarantee their high measuring accuracy over a rela-
tively wide 10—40 °C temperature range. Finally, the tem-
perature during the test was recorded with an analog
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temperature sensor with an accuracy of 0.1 °C, shown
in Fig. 11b.

4 Experimental comparative investigation
results

The creep tests for each of the specimen occurred over a pe-
riod of 1600 h. Each of the four materials was represented by
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Fig. 11 Displacement (a) and temperature (b) sensors

two specimens of the same batch in order to be able to cross-
check the validity of the measurements. Besides, all speci-
mens were measured concurrently under the same ambient
conditions in order to avoid any possible artifacts.

In agreement with the expectations, the measured creep for
granite was overall low, as shown in Fig. 12. After 800 h, the
vertical displacement was 0.9 um and 0.8 um for granite 1 and

granite 2, respectively. By the end of the test, the creep rate of
granite 1 slowed down, and the displacement reached 1.6 um.
The same occurred for the second granite specimen where the
creep displacement reached 1.8 um. However, the 10% vari-
ation between the two granite specimens can be considered
within the uncertainty measurement. Figure 13 shows the
creep displacement for the UHPC. At the half measurement
time, UHPC 1 and UHPC 2 recorded a vertical displacement
of 1.2 um and 1.4 um. At the end of 1600 h, the two speci-
mens registered an identical 2.6-um vertical displacement.
Lastly, as shown in Fig. 14, both mineral cast types showed
the highest overall creep. The creep rate for mineral cast 1
specimens after the first half of the test slowed down dramat-
ically. The second mineral cast specimens showed also, as
expected, a decrease in creep rate. However, it was less pro-
nounced than mineral cast 1 type. The recorded creep strains
for the eight specimens are recorded in Table 2.

5 Conclusion and outlook

This paper investigated creep under constant stress at am-
bient temperature of four different materials typically
employed for high-precision machinery, as shown in
Fig. 15. The employed creep test bench was outlined, as
well as each of the examined materials. The resulting
creep for all the materials occurred over only two phases:
the primary and steady-state phase. Each of these phases
had its own distinctive strain-time behavior. Granite man-
ifested almost exclusively a long secondary phase with a
constant creep rate over the whole duration of the test
with a total strain of just 2 pm for both specimens.
Similar to granite, UHPC showed shortly after the test
started a relatively low but constant creep rate, corre-
sponding to the secondary phase. At the end of the test,
both UHPC specimens recorded a creep deformation of
2.6 um. Mineral cast, however, showed a more typical
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Fig. 13 UHPC creep 44 24
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behavior, with distinguishable primary and secondary
phases. Nevertheless, the difference in recipes between
the two mineral cast materials showed a remarkable dif-
ference with regard to creep and illustrates the importance
of control in the industrial casting process. Mineral cast 2
specimens recorded after 800 h had as much creep defor-
mation as mineral cast 1 specimens after double as long

elapsed time. By the end of the test, the difference in
creep between the two recipes was of over a third.

An interesting aspect that was remarked during the test was
the impact of the ambient temperature variation on the creep
measurements. Temperature control is important to minimize
the effects of thermal expansion on the sample. The variation
of 2.6 °C experienced over the course of the 1600 h can be

Table 2 Logged creep

Creep displacement after 800 h (um)

Creep displacement after 1600 h (um)

displacement for the eight Specimens

specimens
Granite 1 0.9
Granite 2 0.8
UHPC 1 12
UHPC 2 14
Mineral cast 1 1 2.6
Mineral cast 1_2 3.1
Mineral cast 2_1 34
Mineral cast 2 2 3.6

1.6
1.8
2.6
2.6
3.5
3.6
4.6
4.6
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Fig. 15 Creep test bench

enhanced if the experiment could take place in a climate
chamber. However, the shortcoming of the experimental setup
reveals an interesting aspect: all specimens seem to react
quickly and partially irreversibly to temperature variations.
This aspect merits further investigations.
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