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PROCESSING TECHNOLOGY

THE OPTIMIZATION OF PC MACHINE FRAMES

L'OPTIMISATION DU PROCESSUS TECHNOLOGIQUE
DE FABRICATION DES CHASSIS DE MACHINES EN PC

Polymer concrete has become an important and irreplace-
ible energy-saving material not only in the building, but
also in the mechanical engineering and clectrical engincer-
ing industries. Various requirements imposed on its pro-
tirties can be met by a sophisticated design of the re-
spective composite based on the optimization of its compo-
r.ats, composition and the production process. As a syntle-
tic activity the optimization requires profound knowledge
tae individual factors and their mutual relations which
cannot be achieved by any other means but an extensive ex-
perimental analysis, For the design of polymer concrete
richine tool frames an experimental analysis of the com-
penents /resin, hardening system, binder, microfiller and
filler/, the mix /PC svstem/, the processes of mixing,
jrecessing and curing was carried out with the purpose of
citirizing the production process and the physical proper-
ties of the corposite to satisfy the requirements of the
preduct. The optimized system was used for the design and
ranufacture of the frames of precision horizontal grinders
in the national corporation of TOS Hostivar, Prague, Cze-
choslovakia.

INTRODUCTION

The development of knowledge of the properties and

‘c processing technology of polymer concretes have enab-
13

d recently a far higher effectiveness /in respect of

both material and energy requirements/ of their applica-
tion in a number of mechanical and power engineering parts
in the manufacture of which the dominant position was
cccupied by grey cast iron or, in rare cases, by cement
rvinforced concrete /machine foundations, machine frames,
voirbox housing, compressor housings, measuring plates for
rachine ‘tools, machine teols, HV and VIV insulators, trans-
f.rrers, ete./. The number of advantages of polymer con-
crite as the representative of granular composites inclu-
dus the possibility of selection of its properties within
4 wide range in accordance with the requirements imposed
et the product. On the other hand, this possibility results
in the nccessity of desipning not only the part produced,
Lit atse the composite svstem used in every particular caw
“v. Every gencralizat “this respect may be harmful,
't cre particular case the stability of form in a wide
to.jerature range mav be decisive, in another case the,
mical or dielectric strength, in vet another the dam-
pine efficiency, cte.

1o achieve the required properties of the frames of
rrecision mickine teele it s necessarv to rrovide
= Livh streneth, hardness and toughness,
= hivh rigidity,
- stabiliey of dimensicons, i.e. miniemoe temperature-produ-

v charges, riniram creep :

hiph vibration dampine caraciry,
pood appearance, requiring ne or minimor additional fini-
shiny,
= youd chemical resisiawne to vils, cooling liquids,ete.

'

Le béton Polymére est deveru un important et irrempla-
Gable matériasu, économisant 1'érergie, non seulement dans
la construction mais aussi dans les industries mécaniques
et €lectriques, Les nombreuses exigences imnosfées quart &
ses prorriétés peuvent Etre remplies grace & une étude
sophistiquée du composite en question, basée sur 1'optiri-
sation de ses composants, de sa _composition et du proces-
sus de production, Etant une activité de synthése, cette
optimisation requiert une profonde connaissance des fac-
teurs individuels et de leurs relations mutuelles, qu! rec
peut Etre atteinte que par une large analyse exrérire-za.:z,
Four 1'€tude du béton-polymére, .destin€é aux chadssis cz ra-
chiree, une aralyse expérimentale des comocsants (rést-=,
durcisseur, liant, microfiller et filler), Zu prcocess.s
de mélange,de moulage et de durcissement, a &té rerée &
bien, dans le but d'optimiser la technique de preasctior
et les prepriétés physiques du composite, afin de satis-
feire aux exigences du produit, Le systéme optimisé fut
utilisé pour la conception et la fabrication de chdssis
de broyeuses de précision, produites par le fabrique natic-
nale de TOS HDSTIVAR, Frague, Tchécoslovaquie.

Economy of production requires easy workabilitv of
fresh mix /mixing, moulding/, while achieving maximum den
sity /minimalization of pore volume/, low energy require-
ments of the polymerization process and low contents of
special and costly components. These requirements are of-
ten céntradictory, such as high hardness and toughness,
high rigidity and damping capacity, minimum temperature=
-produced changes and creep /at least in respect of binder
requirements/, Consequently, it is necessary to make
acceptable compromises or to compensate one unfavourable
preperty of, for example, the binder by the construction
of the material system or by another component /e.g,fillker/.
The paper describes some aspects of optimization of the
composition and the production process intended to ensure
suitable rheological characteristics of the fresh mix and
the required properties of the product after its hardeniyg.

OPTIMIZATION POSSIBILITIES

The optimization of a composite system /which is par-
ticularly dependent on a number of input paramcters and
their interaction or synergy/ with regard to a number of
propertics of the system in unhardencd and hardened sta-
tes, is, of course, very difficult. The fundamental pro-
cess of optimization is shown in Fig., 1. The optimization
is based on one principal property /or properties/, in
which only small deviations from the ideal state are pos~
sible, and the admissibility criteria are gradually softe
ned for secondaryv properties. The number of input parame-
ters includes the binder /comprizing the resin, polymeri-
zation system, cross-linking aperts, viscosity reducing
apents, asents reducing surface tension, shrinkage, ete./,
the filler /type, size, granulometry, shapc, specific mur-
face, etc.,/ with the exception of microfiller which is
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considered as a part of the binder, the system compositim
and the processing method /mixing, forming, curing, ete./.
The fundamental prerequisite of any optimization, which is
a svnthetic process, obviously is the deep knowledpge of
the individual factors and their links, which is enabled
only bv a previous extensive experimental analysis., In
further part the considerations will confine to an epoxy
resin pranular composite of Type II /non-continuously po-
rous polvmer concrete/ for machine frames.
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while the strengtﬁ, E-modulus and toughness of the harde-
ned polvmer are simultareously increased.

The, Hardening System

Low shrinkage, small temperature-produced changes and
a high form stability at elevated temperatures, similarly
as the low exotherm and a high pot-life require that at
normal temperatures a latent hardening system be used, On

Mixture | Processing

1C‘°(q

Optimization

q:\‘_j\_ﬁ/,‘

[

of property 1 ”"Satigf
Sface,
ry

I 1

[
[ Property Yg]

[Propurty YEJ [Propcrty Vlﬂ

1
[Prnpcrty'lll] IPrnpcrty IVJ

. l]‘ropcrt_\' H]

IAccoptablg effect ]

lInapplicable systegﬂ

1
[Unaccoptable effggﬂ

[Property 1 ]

[Propertv IIAJ

[Propcrtv ILi] [Propertv [!J

Further
madification

osekb\c

in
p°ssjb
le

[ Acceptable ef[ecﬁg]

1
[Cnncceptahle effectl [iﬁapplicable svstem

[ Property IA] [Propertyvlvl lgroperty IIJ [Eioperty v J [;;;perty V!J [;;operty Elﬂ

Fig. 1 Schematic representation of the optimization process

EXPERIMENTAL ANALYSIS
The Resin

The given application requires that the resin has a
high strength, high toughness, high maduli of elasticity
and viscoelasticity, low shrikage and low temperature-pro-
duced changes on the ane hand, and low viscosity and gcod
wetting ability towards the filler on the other hand. The
r?quirement of high moduli /of elasticity and viscoelasti-
city/ prevents a priori the use of any softening /reactive
and non-reactive/ agents. The requirement of high toughnes,
however, brings about the nccessity of existence of cer-
tain phenomena in the system capable of sufficicent absorp-
tion of enerpy during the strain without unfavourable per-
manent changes. A number of experimental results has showm
that such svstem is best suitable in which pure /unmodifi-
ed/ low-molecular dian resin is used with an epoxy equiva-
lent of 0.50 - 0.55 and a viscosity of 23 Pa s/20°C /13
pa s/25°C/, modified by a suitable co-polvmerizing furan
derivative of low viscosity /~5 mPa s/20°C/ as reactive
di%uent. In this way the viscosity is reduced to 2 Pa s/
20°C, which is below the applicability limit of 3 Pa sn¢c,

Further
medification

etc.

for the formulation of a composite for the given purpose

the other hand, the requirement of economy of energy /fotr
hardening purposes/ and the circulation of moulds necessi-
tate a svstem in which maximum polymerization conversion
is attained in a relatively short period and with d rela-
tively small increase of temperature. A number of tests
has proved that most suitable is the hardener based on the
BF., diamine complex combined with an anhvdride of a suit-
nb?e dicarboxylic acid to ensure high coenversion and slow-
er gelation. The hardening temperature is only 60°C and
the form stability /Martens/ is higher than 100°C.

Binder

Apart from the hardening system, the reduction of tle
polvmerization shrinkage of the composite is influenced
most by the microfiller, the maximum particle size of
ehich must be safetely below the minimum thickness of the i
laver enveloping major filler particles, the granulometry
within the curves a and b in Fig. 2, and the specific sur- v
face about 0.5 sq.m/g. Under these conditicns an admixtu- -
re of a perfectly dispersed microfiller /up to 55 - 60%
of the weight of the mix/ to the resin will increase its
viscosity only minimally, as it is shown in Fig. 3. This Ve
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Fig, 2 Cranulometry of microfiller

rixture of the resin and the microfiller can be further
considered as the "binder" of the filler, i.e. sand and
gravel. The properties of the composite depend, naturally,
also on the chemical composition of the microfiller, Grea
test bend was achieved with diabase microfiller /bond
strength over 10 MPa/.

Apart from low viscosity a perfect mixing of the
filler particles with the binder is facilitated also by
the low surface tension of the resin /good wettability/,
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Fig. 3 Changes of dynamic viscosity of the resin with
increasing microfiller contents /20%¢/

The epoxy resin alone has a surface tension of 47mN/m, in
3 mixture with the furan reactive diluent about 45 mN/m.
An addition of a suitable wetting agent /e.g. methylphe-
n¥lsilane/ and cross-linking silane agent can achieve a
reduction of surface tension to 30 mN/m /water - 72.8mN/m,
ethvlalcohol - 22,3 my/m/.

Filler

The strength of the composite and its further proper-
ties depend on the mechanical properties of the filler
/strength, modulus of elasticity, toughness/ and on the
binding enerpy of the resin and the filler which is,
among other factors, the function of the chemical compo-
sition and the morphology of the surfiace of the filler.

The highest linkage encrpy /bond/ of the resin used was
ascertained in the case of amphibole and diabase /over
10 MPa/, as well as andesite or gabro and quartz /9.7 and
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9.2 MPa respectively/,
PC System

From the viewpoint of a number of physical propertes
/coefficient of thermal expansion, creep, modulus of elag-
ticity/ as well as from the viewpoint of economy it is ad~
vantapeous, if the binder contents in the mix is as low as
it is permitted by the strength and porosity of the compo-
site. A certain porosity of the system can be permitted.
With regard: to inner stresses /and, consequently,strengtt/
it is even advantageous, as it has been proved bv a num-
ber of tests /1,2,3/; however, it must remain disconti-
nued. The optimum ratio of binder and filler, therefore,
is that ratio which corresponds with the position closely
below the boundary between Type II and lvpe III composi-~
tes /4,5/. This boundary depends on the initial void vo-
lume of the filler, which should be bver than 157, The
achievement of such low volume of voids is pessible oaly
through a very careful granulometry of the individual
filler grades in which /particularly with regard to prac-
tical possibilities/ optimum results can be attained enly
by the use of 3-4 gap-graded narrow gradings with large
gaps between the individual fraction /d, . = 6—6d1~ ,
where d, is the particle diameter of ehd"HBver fraction
and d, Ehe particle diameter of the higher fraction/. In
optimim conditions it is possible to consider the ratio
of the "binder" /i.e. the mixture of the resin with the
micrcfiller/ and the filler of 1 : 4.5 -1 : 5.5 by weig't,
which represents the ratio of weights of the resin and
all filler /incl. the microfiller/ of 1 : 9 - 1 t 14, The
maximum compaction of the system is the function of not
enly the efficiency of processing, but also of the magni-
tude of contact stresses between the individual phases.

Mixing

The problem of mixing the binder and the filler must
be divided into two phases. In the case of the microfi:
it is a dispersed system whose primary structure must
first desagsrgated to achieve the homoguneity of disp. -
sal of the individual particles. The reduction of effec-
tive viscosity by several /7 - 8/ orders and the achieve-
ment of structural uniformity /in time/ will be enabled
by high-intensity vibrations /with a frequency of 150 -

- 200 Hz/, with the possible addition of surface-active
admixtures /reducing the surface tension of the resin/,
as it is shown in Fig. 4, in a few seconds /6/.

) The mixing of the "binder”, i.e. dispersion system
/the microfiller dispersed in the resin/, with the filler
calls also for an intensive process. Optimum results can
be achieved by intensive simultaneous kneading of all
components; the great difference between the smallest and
the largest particled /e.g. from 0.1 mm to 2C mm and over
excludes the use of continuous screw mechanisms which
cannot ensure sufficient homogeneity of the resulting mix-
ture, For this reason the discontinued way of mixing by
means of counter-rotating screws, or the combination of
continuous mixing /of fine particles/ in extrusicn screw
mixers with the discontinued kneading /with coarse parti-
cles/ aifords the best results in respect of the regula-
rity and homogeneity of the laver of the binder envelo-
ping the filler particles, the workability /viscosity/
and the homogeneity of filler distribution in the mix,
All of these parameters are subsequently of decisive im~
portance for the physical properties of the hardened ma-
terial.

Processing

The processing of the fresh mix and its working into
the required form is proporticnate particularly with the
viscosity of the mix, its surface tension and the contact
stresses between the binder and the filler, and depends
on the optimization of the vibration characteristics

14.4.3,
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Fig. 4 Character of relation of the degree of structure
disapgregation in dispersed systems /and viscosi-
ty M / on the intensity of mechanical processes I
br the strain velocity ¢ or magnitude of shear
stresses T/

Mo ~ maximum viscosity of practically undisturbed
structure
Mgy = E/ET / - effective viscosity, characteriz-
ing the degree of structure disaggregation
MNm- minimum attainable viscosity of disaggregated
. structure
£ = d&/dt - strain velocity /in shear/
Q’E sheir stress .
I/cm®/sec”/ =.a". w’ -~ vibration intensity, where
a - amplitude, w - circular frequency
1 - with the addition of surface-active agents
2 - without the addition of surface-active agents

/amplitude, frequency, time/ with reference to those as
well as further quantities /e.g. the weight of the product
and of the mould, the particle size/. Tt has been ascer-
tained that optimum results with PC are obtained, when
using small amplitudes /~ 0.2 - 0.5 om/ and relatively
high frequencies /a 100 ~ 150 Hz/ of vibration. The limit
in ‘this respect are the amplitudes of 2.5 - 5 mm for the
ftequencgs 05 50 3 100 Hz. The vibration intensity varies
about 10" cm"/sec”. Better results are afforded in some
cases by the combination of low frequency vibration /with
the EEequency of about 60 Hz and acceleration of 100
m/sec”/ with high frequency ultrasonic oscillation'/e.g2
with the frequency of 22 kHz and the energy of 100 W/cm®/
/1/. At the same time the ultrasonic treatment accelerates
the kinetics of polymerization /and not only by temperatu-
re increase due to the effect. of ultrasound/ by about two
thirds, which may be advantageous in some cases and dig-
advantageous in others.

Curing

The smooth course of the polymerization reaction,
acceptable exothermal effect, minimum inner tension, suff-
iciently long latent period after mixing, high temperature
stability combined with temperature expansion, high degree

of cross-linkung and maximum polymerization conversion
within a few days are practically attainable only by cu-
ring /or additional curing/ at a high temperature with
carefully selected hardening system. On the other hand,
the energy saving criterion requires minimum temperature
in the course of temperature treatment, It has been proved

that optimum results can be obtained with the above men-
tioned hardening svstem at a temperature of 60 - 80°C

maintained for 4 hours and a continuous rise and fall of
temperature, which will ensure 957 conversion after the
elapse of 8 hours from the beginning of the heat treatmers
and 987 conversion after the elapse of 10 days from the
manufacture of the products, )

Physical Properties

Optimization of composition and of the production
process enables the attainment of excelent values of phy-
sical mechanical properties of the composité. The compre-
ssive strength /ascertained on 10 x 10 ¢ 10 cm cubes/
exceeds 150 MPa, the flexural strength /ascertained on
10 x 10 x 40 cm prisms with three point application/ ex-
ceeds 35 MPa, the modulus of elasticity exceeds 30 GPa,
the creep under the loads below 357 of strength is immea-
surable, the permanent strength exceeds 80%7 of short-term
strength, the coefficient of thermal expansion is 13 - 14
x 10 °, residual stresses /due polymerization shrinkage
and temperature drop from the hardening temperature of
60°C to 20°C/ is 0.25 MPa.

EXPERIMENTAL RESULTS

The optimization process resulted in the determinati-
on of the following criteria of the preparation and produ-
ction of polymer concrete ensuring the attainment of the
required final properties:

- maximum admissible viscosity of the binder /the
mixture of all of its constituents/ 3 Pa s/20°C

-maximum permissible surface tension of the binder
/the mixture of all of its constituents/ 30mN/m

- modification of the resin /e.g. by means of a suit-
able furan derivative/ to attain the impact strength in
excess of 25 kJ/m7, modulus of elasticity in excess of
3.3 GPa, flexural strength in excess of 20 Mpa

- the necessity of microfiller with particle size of
1 -~ 50 Am and a specific surface of about 0,5 sq.z/g,
with a bond strength with the resin in excess of 10 fPa,
in the quantity amounting to 55 - 607 of the weight of the
microfiller plus resin mixture
. - the minimum bond strength between the binder and
the filler in excess of 9 MPa

- gap-grading of the filler consisting of narrow
fractions with great gaps between them and containing at
least three fractions, with a void contents inferior to
15%

- mixing of the resin with the microfiller %

of high-intensity vibration /a,200 Hz/

- mixing of the binder with the filler by a d.
nued process in a kneading machine or by a combia:
the continuous mixing of fine particles with the di:
nued mixing with coarse particles

~ processing by high-frequency vibration /100- i5CHz/
with the amplitudes of 0.2 -~ 0.5 mm or in combination
with ultrasonic oscillation .

- curing /or at least additional curing/ at a high
temperature to achieve polymerization conversion in excess
of 987 after 10 days from the manufacture of the product.

PRODUCTION OF MACHINE FRAMES

On the basis of the described research results the
frames of precision grinders of a new serie were designed,
Their manufacture began in the national corporation of Iv§
Machine Teol Factory/ of Hostivar /Fig. 5/. In' comparison
with the cast iron frames formerly used for analogous pro-
ducts the economy of energy /referred to the material and
manufacture/ attains some 80Z. Considerable is also the
economy of labour /about 337/, not te mention the economy
of metal. Morcover, the use properties /e.g. vibration
damping/ are significantly more advantageous.
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Fig. § Poiymer concrete frames for precision grinders /weight - about 3000 kg/ produced in TOS ﬁostiva?. Prague
/uorks-photo by TOS/
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