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ABSTRACT

The design of a machine frame, supporting a plurality of components/modules, is a major
challenge during the development of precision systems. The geometric stability of the
supporting parts under thermal and mechanical loads has a decisive influence on the achievable
accuracy. Common materials like cast iron or natural stone have preferable properties but often
come with high costs and long lead times due to sourcing or manufacturing process and required
geometric precision.

Concrete is an interesting alternative. Polymer concrete and cement-based concrete such
as self-compacting concrete have been considered as cost-effective alternatives for quite a while
now. This paper summarizes recent research and findings on these alternative materials and
reviews their applicability in machine frame design. Aspects of the cold primary shaping
process will be covered with an emphasis on ready-to-use features with geometric tolerances in
the order of magnitude of micrometers. The potential for integrating functional elements is
discussed. The advantages of concrete as an alternative material are summarized with regard to
the application of the design principle "functional material at the location where functionality
is required".

1. INTRODUCTION

The automated fabrication of many of today's ubiquitous products, such as cell phones or
smart watches, etc. requires handling and positioning with a precision previously reserved for
high-end applications such as coordinate measuring machines or even lithography equipment.
With the increase in complexity and the growing number of functionally integrated products,
the demands on tooling and assembly equipment are growing too. The ability to accurately
manufacture and handle products with micrometer precision in working areas in the order of
magnitude of meters is therefore essential for competitiveness.

Consequently, suppliers of machinery and equipment are faced with the challenge of
reducing unit costs and delivery times while facing increasingly customer-specific
requirements. Machine frames, which - in relation to the overall system - often have a huge
mass, many precise features and are made of specific materials, are a major source of material
and material overhead costs as well as long lead times. They will therefore be the subject of this
paper.

One way to reduce delivery times and costs for machine frames is to use concrete instead
of traditional materials such as natural stone, cast iron or welded steel structures [e.g. 1, 2]. The
benefits of using concrete! for machine frames has been discussed since a long time [3-13].
However, despite the extensive and broad investigations the number of publications reflecting
the state-of the art is limited. Existing articles, books, and publications by companies involved

! The distinction between polymer- and hydraulic-concrete will be explained in chapter 3. If not specifically
distinguished the term concrete refers to both.
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in concrete for machine applications address relevant topics. But they are either not current or
focus only on specific aspects of a particular material type [14-23] or the applications [6 and
24-34]. The goal of this review article is to close this gap by providing a comprehensive
overview by discussing the various aspects relevant for the use of concrete for machine frames
and summarizing the properties of concrete as known so far.

The article is divided into three main parts. First, the general requirements for machine
frames and their impact on material selection are briefly discussed with special emphasis on
concrete-related aspects. Starting from these basics, polymer and hydraulic bound concrete and
their properties are considered more in detail. Finally, the effects of the properties on the
precision of machine frames as well as those on lead time and costs are discussed.

2. GENERAL REQUIREMENTS OF MACHINE FRAMES

Machine frames are essential components in precision applications, providing the stable
base for accurate and reliable performance of machine functions. High demands are placed on
structural integrity, vibration minimization and thermal stability. Machine frames represent the
interface between the installation environment and further components of the machine. They
are exposed to internal and external mechanical and thermal loads.

https://www.studer.com/de/rundschleifmaschinen/rundschleifen/product/s141/#image-gallery-1

Figure 1: Machine frame part of a grinding machine made from polymer concrete with metal inlays
and precision linear axis a as technology example [35]

A large number of interfaces at a machine frame serve not only to support mechanical
forces but also to realize material, energy and information flows. Examples include those for
support feet, media supply lines, cables, hoses and/or their supports, drive systems, measuring
systems and scales as well as guide ways and/or bearings for moving parts.

Guides and bearings often place the highest demands on form and position tolerances as
well as on the rigidity of the design. Since the machine frame often directly incorporates precise
guide surfaces (e.g. for aerostatic guides) or mounting surfaces for bought-in guideways, (e.g.
rolling element guides), it directly determines the accuracies of motion systems within the
precision systems.

In this contribution, the design study of a precision linear axis, as exemplified in Figure 1,
with the particular focus on air bearing guideways is used as an application example to compare
different approaches. Although this paper deals with machine frames for precision mechanical
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applications, it should be noted that the same precision requirements apply to moving parts such
as machine tables. Especially for machining and measuring applications involving workspace
volumes of 1 m* and more, concrete is an interesting material option.

2.1 Precision features and stability of machine frames

It is hardly possible to quantify general requirements for machine frames since they vary
depending on the application. As an example, with tight requirements, a machine frame with
integrated guide surfaces for an aerostatic guide as used e.g. in coordinate measurement
machines is considered. The following values are assumed (inspired by [36]):

e flatness of 2 um/m?,

e straightness of | pm/m

e angular deviations 10 arcsec.

The realization of a machine frame with this precision requires the careful consideration of
aspects of manufacturing, transport, installation and usage into the design. To ensure the
required accuracy over the entire operating period, all operating modes and life phases with
their associated specific loads must be taken into account, which is usually supported by a FE
analysis. Loads in this context are the forces and their variation, temperatures and their gradients
during operation, transport, etc. Static loads from 1 kN to >>10 kN, external and internal
excitations with frequencies from 10 - 4000 Hz at working temperatures of 20 £5°C and
transport temperatures between 0 and 60°C can be expected.

A detailed knowledge of the material properties is required. The tight tolerances require
specific production measures and means (traditionally grinding, lapping).

time dependent characteristical causes for the deviation of a linear guide
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Figure 2: Symbolic position deviation at machine frame due to different loads and influences
exemplifying different time constants and the influence of different averaging periods

The term stability is often understood as the constant relative position with respect to

reference features over time. This can be interpreted primarily as stiffness against mechanical
or thermal loads. Therefore, the design of machine frames aims for low strain - and thus low
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stress - resulting in large load bearing cross sections and profiles. This results vice versa in the
desire for a low coefficient of thermal expansion.

Since an infinite stiffness cannot be realized, other ways need to be found. To be able to
minimize the effect on the function by compensation or correcting measures (see Figure 2), a
predictable and reproducible behavior is required.

2.2 Materials used for machine frames
The range of materials used for the production of machine frames is remarkably unchanged
since decades. Only a few materials allow static and dynamic stiffness as well as cost-effective
precision manufacturing of large (>> 1 m®) machine frames. Table 1 shows the ranges of
properties of a selection of common materials together with polymer, hydraulic bound and self-
compacting (SCC) concrete.

Table 1: Properties of materials commonly used for machine frames. Note values are only indicative.

Natural Stone
gy [ | Sl | CAlzo? ) Standat“l scce P"ly‘rt‘ei ¢
iron eramic® | .o n3 | Gabbro® | conerete oncrete
Young’s modulus | 209... 88... 350... 60... 109 22... 45 30...
[GPa] 211 ...185 ...410 ...95 ...35 ... 45
. 9.5... 3.7... 2.8... 2.0... 2.3...
Density [gfem3] | 785 | "jos | 39 | .30 | *° .28 | B | oa
Specific Young’s 26,6... 93... 94,6... 21,4... 376 11,0... 1.0 13,0...
modulus [kNm/kg] | ...26,9 | ...17,6 | ...105,1 ..31,7 ’ .. 12,5 ’ ...18,8
Compressive 260... 720... 2500... 100...
strength [MPa] | ..850 | ..1150 | ..4000 | 40 215 >3 T
Bending 300... 310... % " 26... 7.7... 14...
strength®’ [MPa] ...600 290 ...630 14 22 .18 ...8.1 ...30
Thermal 9.7...
expansion 11'1'7' 9f05 0.9 7.5 54 614 ...10. 15'1'9'
[ppm/K] .. ...10. .. p ..
Specific heat 0.45... | 04e... 0.88... 0.9... 0.7...
capacity [kJ/KgK] ...0.5 ...0.63 0.9 0.79 ...1.13 ..1.0 1.0 ...0.9
Coigifgility 46... | 47... 25... ; 16... 17... | 19..| 10..
[W/mK] ...58 ...50 ...36 ...4.0 2.1 .22 .29
Logarithmic 8 <0.25 0.01...
deorernent 0.002 0.003 0.001 - 3 L
: (31, 9],
Source: 371 |[37.381| [39] [40,41] | [40,41] [42] B | (367 (431

. There is not one specific steel and cast-iron type used for frames, properties are very depended on alloy
type, heat treatment, conditioning etc. and therefore given in ranges.

. Properties of ceramic are individually dependent on the production method.

.. Properties of Gabbro as a subtype of natural stone is as all types of natural stone subject to natural
fluctuations.

. Standard concrete properties — despite well regulated (e.g. DIN 1045-2 [60]) — depend on grain fractions
and the materials used. Properties can be “tuned” to a decent extend by using specific fillers, binders and
their respective ratio.

. Properties of polymer concrete depend on grain fractions and the materials used.

. Assuming that bending strength is similar to tension strength.

. Bending strength properties of anisotropic materials depend on type of testing (3-point or 4-point bending
test) therefore they may vary in literature.

The damping properties of concrete are depended on the aggregates used which is extensively investigated
in civil engineering. The contributions [44] and [45] are mentioned here only indicative, referencing
specific publications about this topic.
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By comparing the selection of properties in Table 1 it becomes obvious, that metal and
ceramic materials showing far higher strength values than natural stone and concretes. Since
the design rational is driven by stiffness (not strength) a high specific Young’s-modulus is an
important criterion for material selection. Due to a specific Young’s-modulus better than steel
and cast iron and a better machinability compared to ceramic materials, natural stone, in
particular gabbro, is a favorable material for machine frames. Furthermore, low thermal
conductivity and expansion as well as high specific heat results thermal low pass filtering
behavior.

Anyhow, with specific strength values close to those of granite, a CTE comparable to steel,
excellent material damping, and the option of primary shaping of complex structures with little
or no post-processing, concrete is a material with advantageous properties for machine frames.

3. FABRICATION OF MACHINE FRAMES BASED ON CONCRETE

During the production of machine frames made of concrete, a solid body is built from
shapeless material in a primary molding process, similar to the casting of metals. It is carried
out using a multiphase mixture of materials rather than molten casting materials. This results in
the following processing steps:

= Metering: The aggregates, i.e. fillers and binders, are metered independently according

to the particle/grain fraction or their stoichiometric ratio to achieve a high packing
density and thus reproducible material properties.

= Mixing: The grain fractions of the fillers and the binder? are mixed to form a viscous,

pourable mass.

= Casting: The viscous mass is filled into the mold. In this step, the time during which

the mixture is still workable (the so-called "pot life" [11]) is essential. It can vary
depending on the volume and complexity of the part to be realized.

= Compacting: To achieve a low pore content, the concrete mix is compacted. This can

be done by introducing vibrations® on mold or via tools, by degassing e.g. low-
pressure casting environment or improved wetting of binder to filler by e.g. chemicals.

» Curing: Curing of the cast object in the mold. Often combined with heat management

during the setting [46] of the binder under exothermic reaction.

Due to the low processing temperatures, various materials can be used for the mold. The
mold consists of one or more monolithic blocks made from wood, plastic, steel or grey-cast
iron or even natural stone as well as combinations of the aforementioned. Decisive for the
choice of the mold material are (according to [11]):

* planned number of castings,

= requirements on the dimensional accuracy of the blanks,

* requirements on the surface quality of the blanks.

Steel, cast iron and natural stone components are used for a high number of castings and a
high quality of the blank. To a cold primary shaping process wood and plastic molds can also
be applied for castings with prototype character or lower precision requirements. The low
temperature process also makes it possible to create integrated structures in composite castings.
In this process, certain components (e.g. bearing blocks, metal plates, cable ducts or e.g. piping
systems) are cast in or on. Especially the latter saves time-consuming rework and can utilize
comparably cheap parts from plastics.

2 Epoxy or resin (including hardener if needed) for polymer concrete and cement for hydraulic concrete.
3 Note that some of these measures could be mutual exclusive, €.g. self-compacting by chemicals and vibrations.
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3.1 Realization of precision geometric features on concrete-based machine frames

A variety of manufacturing processes are feasible to realize precision features in general
and for concrete structures in specific, as summarized in Table 2. For the further discussion
aerostatic guides are again used as an example with demanding requirements.

For the manufacturing of aerostatic guide surfaces in classic materials, the finishing
processes of grinding and lapping are used. Those can be applied for concrete as well enabling
roughness values of Ra 1.6 to 6.3 pm and Rz 6.3 to 25 um [47]. Although grinding and lapping
have been considered for mounting surfaces for rolling guide systems [48-50], the requirements
for guide surfaces for aerostatic elements have not been met so far [48]. One of the main reasons
is varying strength of aggregates and binders which can be a cause of cracking or chipping in
addition to roughing up.

Table 2: Options to produce functional surfaces suitable for air bearings according to manufacturing
process and time of shaping.

Process
final shaping .. . . . .
grinding/lapping molding embedding add-on molding
direct - X X -
subsequently X X X X

Alternatively, precise geometries such as guide surfaces for aerostatic guides can be made
by direct replication of a mold surface with sufficiently small form deviations. In mechanical
engineering, this approach is not entirely new. As early as the beginning of the 19™ century,
there were efforts to replace components made of steel and cast iron with components made of
concrete - albeit with a lower demand on the achievable precision in the order of several 100
um for flatness [11].

There are two basic options:

» directly during the molding process or

= subsequently by add-on molding with a further compound.

With direct molding, parts can be produced with the required tolerances and with good
material homogeneity. This process has the highest potential to reduce overall manufacturing
costs for precision components, as the amount of time-consuming and cost-driving post-
processing by grinding and lapping is eliminated or substantially reduced.

In 2000, primary shaped precision surfaces with reasonable flatness and roughness were
obtained with polymer concrete. Difficulties arose due to heating and shrinkage during curing.
A multitude of research work on different resins, fillers and active tempering laid the
foundations for this [11, 40 and 51-54]. In 2010, it was shown that primary shaped surfaces in
hydraulic bound concrete with flatness and roughness in the single-digit micrometer range have
proven to be achievable with self-compacting concrete (SCC) [26].

Research has shown for both, polymer and hydraulic-bound concrete, shrinkage as the
biggest challenge of molding. The curing of the concrete itself but also the dehumidification
over extended periods of time causing deformations in the same order of magnitude of the
required precision [26]. Shrinkage caused by the aforementioned effects is difficult to predict,
especially with complex geometries and in the presence of inlaid parts. However, it can be
effectively reduced by process engineering measures [55] and design measures such as
reinforcing elements with adjustable preload as in patent DD 00133201 A1 [48].
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In contrast, the subsequent shaping process of "add-on molding" has the advantage that it
can take place after the shrinkage of the support body have decayed. The demand on the
geometric precision of the subsurface where the add-on layer is applied to is low? as it is
compensated by the added layer. Since the thickness of the applied layer during the add-on
molding process is supposed to be small in relation to the overall dimensions, its relative
shrinkage has only a minor influence on the residual shape deviations of the specific feature.

However, the application of additional layers is a delicate process and raises design
constraints and is limited to concretes of small sized grain fractions. The resulting shape
deviations of add-on molding also depends on the flow properties of the added material and the
process control. Furthermore, the process introduces inhomogeneity which can cause stresses
and so deformations that are difficult to control or predict.

Another way to realize precise guiding features is to embed parts with functional surfaces
into a concrete base structure. Figure 3 shows examples of typical mounting inserts. Embedding
of parts with high demands on position and shape accuracy requires complex casting
tools/molds with comparable precision or post-processing of the embedded elements. However,
embedding allows to use parts with specific material properties where they are needed. In many
cases, embedding components in concrete of low accuracy requirements is used as a cost-
effective solution to hold precision parts in position. Especially for large machine frame
structures the embedding of (usually pre-machined) elements with precision surfaces is an
affordable option.

In addition to embedding, the reverse filling of e.g. steel or cast iron frame structures with
concrete is also common. Mainly with the aim of achieving improved damping, numerous
examples of this approach exist [24]. Shrinkage of concrete is a major challenge again since it
causes displacement and/or deformation of the embedded parts resulting into cracks due to
stress concentration in or even disconnection of concrete with respect to the inlayed or filled
parts. It should be noted that shrinkage leads to tensile stresses that are unfavorable for concrete.

with functional anchored with indirectly direct through-going and double-sided
surfacres reinforcement anchored shape-fitting coupling elements

Figure 3: Examples of typical inlets (derived and adapted from [38]°)

Regarding the combination of inlays and concrete, however, a cast around is
technologically interesting. Since the encapsulated object is “clamped” by the shrinking
concrete, the concrete cannot separate from the covered parts and by proper design a
compression preload can be achieved in many cases. This considerably reduces the risk of the
occurrence of cracks or cavities.

* As a rule of thumb form deviations and/or roughness of up to 1/10" of the add-on layer can be accepted.
5 [38] is referring to [56] which was not accessible to the authors.
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3.2 Long term stability of concrete compared to precision engineering requirements
Like natural stone or cast iron, concrete features are affected by anisotropic material
behavior, i.e. a higher compressive strength than tensile strength. Therefore, like natural stone,
concrete machine frame designs are optimized to reduce tensile and bending stresses. A distinct
difference of concrete compared to cast iron and natural stone is a stronger tendency to creep.
Moreover, the creeping properties of polymer concrete and hydraulic bound concrete are
different as a result of different binders.

Polymer concrete exhibits a temperature dependent nonlinear decaying creep under
mechanical load [32, 57]. The binder used in polymer concrete is the reason of the significant
creep under load, which increases with temperatures above room temperature. Therefore the
stability of machine frame parts made from polymer concrete is in general dependent on the
level of mechanical load applied, the type of binder and ratio between binder and aggregates
used [32, 33]. Thereby:

» higher relative amount of binder results in higher creep [33],

» polymer concrete with PMMA binders tend to creep more under load than those
using epoxy binders [32],

» grain fractions with a higher proportion of larger aggregates show a lower degree
of creep [33],

» the creep rate increases with the temperature; exceeding the glass transition
temperature of the binder must be prevented.

Components made of polymer concrete can therefore not be loaded to their strength limit,
so they must be significantly over dimensioned. As a rule of thumb, peak loads of polymer
concrete should not exploit more than 50% of nominal strength and a 50% decrease of strength
is to be expected if the part is heated up from 20°C to 60°C.

The latter aspect is of special importance, since polymer concrete has a low thermal
conductivity, which easily leads to the formation of local hotspots in the proximity of heat
sources (e.g. drive motors). These consequentially will locally decrease strength and cause
hardly predictable deformation due to creep even with static loads.

Compared to polymer concrete, hydraulic bound concrete is less sensitive to creep under
mechanical load and due to the non-organic binder less sensitive to thermal changes [3]. Creep
of hydraulic bound concrete is mostly driven by transformation of the binder (short term) and
dehumidification (long term). Short term in this context refers to 30 days up to 8 weeks after
molding the concrete. Long term investigations [55, 58] show large potential to reduce creep
by adapted concrete mixtures and post treatment (see Table 3). By optimized concrete recipes
creep levels equivalent to that of natural stone can be achieved [3].

Table 3: Long-term stability over 10 years and stabilization time for the straightness deviation of
specimens made of different concrete mixtures compared with natural stone

Specimen dimensions
HPSCC SCC1 SCC 11 n. stone
1030 mm x 120 mm X 100 mm
straightness deviation without post-treatment +14,5 um | £2,5 um +3,0 um +1,8 pm
straightness deviation after treatment in an autoclave | +2,5 pm +3,0 pm +6,5 um -
stabilization time without post-treatment >5 years ~3 years ~8 weeks -
stabilization time after treatment in an autoclave w:eg(s ~3 years | =8 weeks ---

The effect of creep on precision features was investigated by observing straightness over
10 years [55]. These investigations show air bearing suitable, micrometer-level shape stability
in lab environment after a first stabilization period of 8 weeks, comparable to natural stone
elements (see Figure 3).
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straightness profiles 8 weeks after casting long-term stability of the straightness profiles
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Figure 3: Straightness measurements of sample profiles and their deformation over length and
over time. Note that the error budget of the individual measurements of <+0,5 um is not shown (for
details see [55]).

4. IMPLICATIONS OF CONCRETE PROPERTIES FOR MACHINE FRAME
DESIGN

The studies show that the on-site availability of concrete significantly shortens the
manufacturing time of structural components compared to natural stone to be sourced from
distant places, even considering the necessary setting time. Although it is difficult to quantify
or define a clear threshold, the costs of conventional manufacturing technologies are increasing
with the complexity of a part. The advantages of concrete are increasing proportional to the size
and complexity of the part and ready-to-use molded concrete structures become an interesting
alternative.

As shown in Table 1 and Table 3 hydraulic-bound concrete types with strength and stability
properties comparable to natural stone are available and could be casted to complex forms with
comparatively simple means. Furthermore, concrete enables to create structures with significant
thermal inertia, comparatively low thermal conductivity and a coefficient of thermal expansion
close to steel.

Based on the freedom of design offered by the primary shaping, connectors, ducts and
hoses for fluids, cable and other elements can be easily integrated. Shrinkage during curing is
fundamentally a problem. However, measures are known to deal with this problem and to
exploit the full advantages of the primary shaping process. Since especially hydraulic-bound
concrete is a well-known material in civil engineering it is more about adapting than inventing
rules and procedures for precision engineering applications.

5. CONCLUSION AND OUTLOOK

In this contribution progress made in research of concrete for mechanical engineering
applications has been shown and references for further investigation for specific aspects have
been summarized. The feasibility of performing precision features in a casting process has been
demonstrated on a laboratory scale. The long-term stability of structural elements based on
hydraulically bound concrete has been demonstrated in various investigations. Post-processing
options such as grinding or the application of additional layers have been discussed. Due to its
long-term stability, the potential of integrating components and the possibility of reworking,
concrete is a promising alternative to natural stone and cast iron. Delivery times can be
significantly reduced.
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In addition, there are further interesting aspects of concrete in the field of application of
precision engineering. Among others, the combination of polymer concrete and hydraulic
bound concrete and its influence on dehumidification shall be mentioned. Pouring polymer
concrete onto a hydraulic bound concrete base is an interesting concept, minimizing the risk of
shrinkage and allowing for reworking. The chemical resistance and low absolute creep rates of
a thin polymer concrete layer can be combined with high stability of the concrete frame. The
combination of simple basic molds in combination with precision molding has potential for
application-oriented and cost-effective solutions. Another interesting research field is the
reinforcement hydraulic bound concrete systems by coatings to enable thin-walled structures
or prevent surfaces cracks [61, 62].
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