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Abstract

This paper presents the results of mechanical tests carried out on two different commercially available cobalt alloys applied in 
dental prosthetics for the production of frame dentures. The test samples were obtained by the method of investment casting 
using as a charge pure primary materials and pure primary materials mixed with various additions of process scrap (25, 50, and 
75%). The tests showed that the alloys could not reach the mechanical properties reported by the manufacturer in either case. 
In the case of the alloy without the addition of tantalum, the general conclusion was that both the plastic and strength properties 
decreased with increasing amounts of the introduced process scrap. The mechanical properties (mainly elongation) of the 
alloy containing Ta reached the highest values in the samples containing 75% of the process scrap. Examinations of fractures car-
ried out by SEM have revealed their varied character – ductile or transcrystalline. All of the samples tested showed the presence 
of dendrites and solidification areas, with shrinkage porosity occurring in the internal sample zones.

Keywords: 

cobalt alloy, mechanical properties, fracture, scrap

1. INTRODUCTION

Along with titanium alloys, nickel alloys and Cr-Ni steels, 
cobalt alloys belong to the group of common metal alloys 
that are widely used in medicine. Almost a century ago, the 
United States introduced the first cobalt alloy with chro-
mium and molybdenum to dental surgery. The minimum 
chromium and molybdenum content in the alloy was 25% 
and 4%, respectively [1]. Contemporary cobalt alloys for 
biomedical applications are modifications of that alloy.  
In the as-cast state, the structure of cobalt alloys is com-
prised of the solid solution of chromium, molybdenum, and 
carbon in cobalt (and additionally, carbide precipitates) [2].  
Occasionally, the CoCr phase may also appear in the alloy 
structure [3].

Cobalt alloys are characterized by satisfactory mechan-
ical properties (e.g., elastic modulus); due to this fact, it is 
possible to manufacture products with thin walls and, as  
a consequence, lower weight [4]. The beneficial combina-
tion of high mechanical properties and relatively low man-
ufacturing costs has opened a wide range of applications 
for cobalt alloys in dentistry, mainly for frame dentures, 
braces, and prostheses on latches, bolts, and locks [3]. 

Due to the intricate shape of these castings (including the 
numerous design modifications introduced to satisfy the 
individual biological needs of each patient and, addition-
ally, the tendency of cobalt alloys to undergo the strength-
ening process during production), the implementation of 

serial production is not possible. Products cast from these 
alloys are made by the investment technique. The use of 
investment casting in the manufacture of prosthetic parts 
generates large volumes of process scrap, including gating 
systems, casting cones, and rejects. Manufacturers allow 
the possibility to use scrap as part of the charge, but it 
should be remembered that any scrap metal introduced to  
the charge can influence the strength properties of the cast 
parts (among others) [5–11]. Therefore, an attempt was 
made in this study to determine the mechanical properties 
of samples cast from cobalt alloys containing the addition 
of process scrap.

2. TEST MATERIAL AND METHODOLOGY 

Two cobalt alloys used in dentistry for the manufacture of 
frame dentures were chosen for the study. The chemical 
composition of these alloys is shown in Table 1.

Table 1	  
Chemical composition of test alloys [12] 

Alloy

Chemical composition,
wt.%

Co Cr Mo Ta Si

A 64.6 29 4.5 – –

B 62.0 30 5.5 1.2 1.2



60 Influence of Internal Scrap on Mechanical Properties of Selected Cobalt Alloys

  https://journals.agh.edu.pl/jcme

From the selected alloys, cylindrical specimens with 
diameter φ = 5 mm and length l = 80 mm were cast in a 
dental prosthetics laboratory. The charge was composed 
of pure primary materials (samples labeled A1 and B1) 
and pure primary materials mixed with the addition of 
process scrap introduced in different amounts (samples 
labeled A2–A4 and B2–B4). The percent content of the 
introduced process scrap is shown in Table 2.

From the investment cast rod-shaped test piec-
es, specimens were prepared for the examination of 
non-metallic inclusions and the performance of a static 
tensile test.

Specimens for the evaluation of non-metallic inclu-
sions were after cutting, grinding, and polishing exam-
ined under a Neophot 32 light microscope at 400× 
magnification.

The mechanical properties of the selected cobalt alloys 
were determined in a static tensile test performed on 
an Instron 5566 testing machine. The specimens were 
stretched at room temperature at a constant strain rate 
of 10−4 1/s.

The fractures formed during specimen failure were 
examined under a JSM 7100F scanning electron micro-
scope. The observations were conducted at magnifica-
tions ranging from 100 to 500×.

3. RESULTS AND DISCUSSION

Figure 1 shows the non-metallic inclusions present in 
the examined alloys. The observed precipitates are 
characterized by different shapes (globular and irreg-
ular), different sizes, and an uneven distribution on the 
examined surfaces.

Studies carried out by light microscopy did not reveal 
any major influence of the process scrap content on 
changes in the morphology of the inclusions present in 
the test samples.

The results of the static tensile test have shown that 
failure of the specimens occurred at different points  
in the measurement area, irrespective of the amount  
of process scrap added to the examined material.

From the stress-strain curves plotted during tensile 
testing (see sample diagram in Figure 2), it follows that 
the tested materials have no yield point. 

Fig. 1. Examples of non-metallic inclusions present in selected 
samples: sample A2_25 (a); sample B2_25 (b) light microscopy, 
magnification 400×

Table 2	  
Percent content of process scrap added to test alloys

Sample designations
Content of process scrap 

added to test alloys,
%

A1 B1 –

A2_25 B2_25 25

A3_50 B3_50 50

A4_75 B4_75 75 

Fig. 2. Example of stress-strain curve plotted for investigated alloy 
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Mechanical properties of the samples subjected to static 
tensile test are shown in Figures 3 and 4  and summarized 
in Table 3.

The obtained mechanical properties of the alloys tested 
differ greatly from the values given in the literature [12]. 

Based on the obtained data (Fig. 3a), it was found 
that the mechanical properties of the tested materials 
decreased with an increasing scrap metal content in the 
alloy (the only exception is the yield strength obtained in 
the sample designated as A2_25). 

 With the introduction of 25% of process scrap, the ten-
sile strength of the material designated as B was lower 
than the strength of the starting alloy (Fig. 3b). Samples 
containing 50% and 75% of process scrap in their com-
position were characterized by tensile strengths higher 
than the strength of the starting material. 

The yield strength of the samples containing 25% and 
50% of process scrap was lower than the yield strength 
of the starting material. The highest yield strength was 
achieved by the material designated as A4_75 containing 
75% process scrap. Except for the alloy sample contain-
ing 75% process scrap, the elongation of the material 
designated as A decreased with an increasing content of 
the added scrap (Fig. 4). In contrast, the elongation of 
the material designated as B increased with an increas-
ing content of process scrap. To explain the surprising 
impact of the increase in the amount of scrap introduced 
into the alloys (primarily Alloy B) on the improvement 
of tensile strength and elongation, further tests should 
be carried out.

Fig. 3. Tensile strength UTS and yield strength 0.2%YS changing in tested alloys with changing scrap metal addition – Alloy A (a) and Alloy B (b)

Fig. 4. Elongation changing in tested alloys with changing scrap 
metal addition 
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Table 3	  
Mechanical properties of the tested cobalt alloys

Sample UTS, 
MPa

0.2%YS,
MPa

EL,
%

A1 779 605 2.58

A2_25 752 615 2.16

A3_50 716 540 1.66

A4_75 678 466 2.00

B1 667 582 0.75

B2_25 641 550 1.50

B3_50 696 558 2.57

B4_75 749 642 3.75

a)     b)
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Figure 5 compares the SEM images of the fractures. 
Detailed examinations of the fractures formed during the 
static tensile test have revealed a dendritic pattern visible 
at low magnifications as well as shrinkage porosity occur-
ring in the sample interior.

The observed fractures have different natures (ductile or 
transcrystalline). In some areas, sharp edges, large corru-
gations, and recesses occur.

4. CONCLUSIONS

The results of the studies lead us to the following 
conclusions:
 

1.	In all of the tested materials, there are non-metal-
lic inclusions characterized by different shapes and 
distributions.

2.	From the results of a static tensile test, it follows that the 
tested material has no yield point.

3.	The mechanical properties of the samples subjected to  
the static tensile test are definitely inferior to the values 
given by the manufacturer.

4.	The values of UTS, 0.2%YS, and EL decreased in the test-
ed Alloy A with an increasing content of process scrap. 

5.	Adding process scrap to the alloy designated as B makes 
the strength properties of this alloy decrease at first, fol-
lowed by an increase. The elongation of the alloy desig-
nated as B increases with an increasing addition of pro-
cess scrap. The maximum mechanical properties were 
obtained in the alloy designated as B4_75.

6.	Factographic studies have revealed the presence of 
shrinkage porosity in the central part of the samples.

7.	The examined fractures are of a ductile or transcrystal-
line nature.
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Abstract

This paper discusses the impact of high temperatures (up to 900°C) on molding and core sand with inorganic binders select-
ed from among the group of unmodified grades of hydrated sodium silicate (water-glass). Molding sands with medium 
quartz sand were made under laboratory conditions and compacted at the different energy inputs necessary for obtaining 
various apparent densities (ϱ0). Due to the different composition and apparent density of molding mixtures hardened via 
microwaves at a frequency of 2.45 GHz, it was possible to assess their deformation (L) at a high temperature above the 
binder’s eutectic temperature. For this purpose, an apparatus for hot distortion tests was used whose construction and 
equipment allows us to measure the thermoplastic deformations in molding sand in many aspects; i.e., in its time of anneal-
ing. The article proposes new possibilities of interpreting the hot distortion phenomena in comparative studies of molding 
materials and mixtures. The application of this new measurement method revealed the differences between molding mix-
tures made with five inorganic binders with a molar module ranging from 2.0 to 3.4 and apparent density ranging from  
1.34 to 1.57 g/cm3. It was established that distortions under the influence of high temperatures last the longest in molding 
sand with a binder with the highest molar module (3.4). Research also revealed that the density of molding sand is signifi-
cant for increasing/decreasing the rate of thermoplastic deformations following the heating of samples only if the molding 
sand includes binders with a molar module of between 3.0 to 3.4. For molding sand with binders with molar modules from 
2.0 to 2.5, it was established that this is excessively susceptible to thermoplastic deformation.

Keywords: 

foundry, hydrated sodium silicate, hot-distortion, thermal deformation, molding sands

1. INTRODUCTION

If properly manufactured, casts should have the least-pos-
sible number of casting faults. It is expected that casts 
should be cost-effective and environmentally friendly.  
For the best effects, it is essential to select the proper com-
position of molding sand and correctly manufacture the 
mold and core [1, 2]. The new molding materials offered 
on the market at present are becoming better and better, 
as their quality and properties meet the strictest require-
ments. However, the requirements cannot guarantee that 
the casts are made without defects. The selection of an 
appropriate binder considerably affects the resistance of 
molding sand to jets of liquid metal. Research [3, 4] car-
ried out with the use of binding materials like furan resins 
and water-glass demonstrated that it is more effective to 
use inorganic binders than organic ones. The technology 
of manufacturing molding and core sands and the mold-
ing parameters are also of importance. Among the reasons 
behind casting faults are the improper density of molding 
sand and the failure to adjust this parameter to the process 
of pouring and solidifying the casting alloy [1–4]. 

Quoting [5], the density degree of molding sand is  
a parameter dependent on the material properties and ini-
tial density degree. Proper distribution of density in the 
mold or core is affected by external and internal friction 
and elastic deformation at high temperature, among oth-
ers. They may cause some resistance when a part is pulled 
out of the mold, which may in turn bring about deforma-
tions inside the mold cavity. The proper density of molding 
sand (which can also be expressed by another parameter 
– apparent density) ensures the required surface smooth-
ness and casting dimension tolerance. In the process of 
densifying by pressing, for example, molding sand should 
be liquid to such an extent that it allows free movement 
from the areas of greater mold density to areas of smaller 
density [2].

If the density of molding sand increases, a greater shear 
force is needed to move the neighboring layers (which is 
particularly important and even desired for the manufac-
turing of casting cores); however, this eventually reduces 
casting surface roughness. The density degree of the mold-
ing sand and the shape and size of the matrix grains exert 
a considerable influence on mold or core permeability [6]. 
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If, however, the density of the molding sand is improper 
and too low, it leads to the erosion of the mold surface lay-
ers and may bring about friability. The extent of wear de-
tected in molding sand, including that with water-glass [7], 
depends on the angle of the liquid metal jets on the wall of 
the mold cavity as well as its temperature, dynamics, and 
pouring time. The defects caused by the insufficient den-
sity of molding sand include sand contamination and liq-
uid metal penetration into the pores of the molding sand, 
lowering the casting surface quality. As a result of the ex-
cessive deformations inside the mold cavity, shape defects 
and burns occur [7, 8]. In order to eliminate such faults, 
protective coatings are applied [9–11]; however, this 
prolongs the time of mold preparation and impedes the 
process of matrix regeneration. The application of pop-
ular alcohol-based coatings has a negative effect on the 
environment due to the fact that, when the mold is dried 
before pouring, dangerous vapors and gases are released.

In molding sand with hydrated sodium silicate (water-
glass), mold erosion is less intensive that in molding sand 
with organic binders; however, the area affected by the 
erosion is greater [7, 8]. Therefore, for this type of mold-
ing sand, it becomes necessary to use protective coatings in 
order to reduce corrosion pits and burns [4]. The coating 
thickness is also worth mentioning. Study [8] shows that, 
in the case of coatings applied on molding sand with water-
glass, the thickness of the layer is of particular importance. 
Moreover, the casting quality largely depends on the phe-
nomena that take place in the mold at the time liquid met-
al is poured into it (when the temperature is at its highest 
level). Then, thermal and mechanical deformations occur 
that affect the dimensional accuracy and casting surface 
smoothness. 

Therefore, interesting from the point of cast quality is the 
identification of all phenomena associated with the impact 
of liquid metal on the elements of the casting mold cavity.

Helpful are tests based on a broadly understood analysis 
called “thermal” or “hot” distortion [11–13]. However, at the 
moment of writing the article, this method is not standard-
ized nor determined by the relevant standards. As a result 
of the non-standardized measuring method, researchers 
are able to use a “hot-” or “thermal-” distortion apparatus 
to study the phenomena of deformation for various pur-
poses as well as introduce them by their modifications and  
improvements, like in the DMA Hot Distortion Tester [11], 
Hot Distortion Plus® [14] method, or Hot Distortion Tester 
for the samples sized 5.24 × 2.54 × 1.27 cm described in [15].  

As opposed to the common analyses determining whether  
a given type of molding sand can be used in a production 
process, hot distortion tests (HDT) take into consider-
ation not only the strength properties but also the thermal 
phenomena that largely influence the final casting shape, 
dimensional accuracy, and smoothness. During the pouring 
of the liquid metal into the mold, the alloy contact and inten-
sively heats the mold cavity walls. As a result of the high 
temperature and mechanical stress, negative phenomena 
occur in the molding sand: thermal deformation, thermal 
and mechanical destruction, and thermoplasticity. These 
may damage the mold or core structure, which depend on 
the molding mixture components [11–17]. The extent of 
the distortions that emerged during the pouring of the liq-
uid metal may be modified by means of special plasticizers 
added to the binders. These enhance the elasticity of the 
molding and core sand. Previous studies have confirmed 
the positive influence of collagen plus alkali silicate [15] on 
the properties of molding sand or polycaprolactone [18]  
on the properties of molding sand with phenol-furfural res-
in. Another method for improving the strength properties 
of molding sand at high temperatures consists of applying 
coatings on the cores. The effectiveness of these methods is 
confirmed by hot distortion analyses made for cores with  
a hydrated sodium silicate [19]. 

The strength of physically cured molding sand with 
hydrated sodium silicate at an ambient temperature is 
higher than that of bentonite molds and comparable  
[20, 21] to molding sand with organic binders. However, 
the pouring of liquid metal causes greater damage in 
molding sand with hydrated sodium silicate as the binder  
[7, 22]. In order to explain this phenomenon, it seems the 
analyses of molding sands at high temperatures will be of 
key importance.

2. RESEARCH METHODOLOGY

The molding sand used for the purposes of this study was 
made of dried medium quartz sand with a grain size of 
1K 0.20/0.315/0.16 (according to norm PN-85/H-11001) 
from a Polish mine (Grudzeń Las) and five unmodified 
grades of hydrated sodium silicate produced in a chemical 
plant called ‘Rudniki’ S.A. (Tab. 1). Each time, 1 kg of mold-
ing sand was prepared by means of a planetary mixer: to 
100 weight parts of the matrix, 0.5 weight parts of water 
were added [21]; then, after 60 s of mixing, 1.5 weight parts 
of the selected binder were added and mixed for 180 s.  

Grade of hydrated 
sodium silicate/

Type of molding sand

Molar module 
(SiO2/Na2O)

Oxide contents 
(SiO2 + Na2O), 

min.%

Measured 
oxide contents
 (SiO2 + Na2O), 

%

Measured den-
sity (20°C), 

g/cm3

Absolute 
viscosity min., 

P

137 / MS137 3.4 35.0 36.3 1.37 1

140 / MS140 3.0 36.0 39.4 1.42 1

149 / MS149 2.9 42.5 44.3 1.51 7

145 / MS145 2.5 39.0 41.5 1.47 1

150 / MS150 2.0 40.0 43.5 1.52 1

Table 1	  
Physico-chemical properties of five grades of hydrated sodium silicates used for preparation of molding sands
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The samples with the dimensions of 120 × 25 × 6 mm  
(l × b × h) to be investigated in terms of distortions at high-
er temperatures were compacted by means of an LU-1 
laboratory rammer. A weight of 6.667 kg was dropped  
a different number of times from a fall height of 50.3 mm in 
order to obtain various density. In this research, the sam-
ples were compacted two (II),  three (III), or five times (V) 
using the rammer.

The molded samples were then hardened with electro-
magnetic waves of a frequency of 2.45 GHz and power of 
1000 W in the chamber of a microwave furnace by 
Plazmatronika (with a capacity of 32 dm3) equipped with 
one magnetron and the load-rotation feature. The selected 
heating time of 240 s regardless of the various density 
degrees of the samples (ranging from 1.05 to 1.40 g/cm3) 
ensured the effective dehydration of the molding sand in 
its whole volume [23]. The analyses started from a mass 
stabilization to the nearest 0.01 g by means of an Ohaus 
PA4102CM/1 scale. The density degree was expressed as 
the apparent density (ϱ0); i.e., as the ratio of the mass of 
each sample after curing and cooling-down to the volume 
calculated on the basis of its dimensions. For the purposes 
of the hot distortion test (HDT), a DMA apparatus made by 
Polish company Multiserw-Morek was used for examining 
the high temperature phenomena in molding sand. This 
HDT device [24] has two ceramic heaters and a max. tempera-
ture of heating ca. 990°C  measured by K-type thermocouples.

The sample is placed in a special support and heat-
ed conventionally from two sides in its middle part  
(see Fig. 1). Thermal energy from both ceramic heating 
elements increases the environment temperature up to  
ca. 900°C, causing distortion. 

On the free end of the fitting, a sensor is placed that 
registers any changes in the sample location against time 
during annealing at ca. 900°C. Depending on the grades of 
the molding sand and binder, the phenomenon of molding 
sand thermoplasticity occurs or not. Usually, deformation 
occurs in the direction of the applied load and the sensor 
located at the end of the sample (Fig. 1).

An annealing temperature set at 900°C ± 10°C is above 
the temperature of phase transitions [25, 26] observed for 
commercial grades of sodium silicate. In previous stud-
ies [27], an unfavorable flow of the melted binder was 
observed at temperatures above 750°C. 

This study attempts to explain the phenomenon of the 
increased erosion of sodium silicate molding sands due to 
the effect of metal poured into cavity.

3.  RESULTS

The first value under investigation was the average 
apparent density expressed in g/cm3. The mass of the 
samples (cured and cooled for the purposes of the dis-
tortion tests) was compared to their capacity of 18 cm3;  
the results of which are demonstrated in Figure 2.

The analysis reveals that the apparent density of the 
molding sand (MS137 – MS150) ranges from 1.34 to  
1.57 g/cm3 (Fig. 2). Due to the compacting method, it was 
feasible to differentiate between the apparent density 
of the molding sands with five grades of binders. As we 
know [28, 29], this is an important parameter for mold-
ing mixtures because of the interdependence between 
the increase/decrease in the apparent density of mold-
ing sand with a hydrated sodium silicate of 0.1 g/cm3 and 
a constant (40%) increase/decrease in their strength.  
Figures 3–7 show measurement graphs for the samples 
subjected to two-sided heating near the DMA elements 
heated up to 900°C (see Fig. 1). 

Near the middle of the sample section, the ambient tem-
perature in close proximity to the sample was recorded. 
An increase of 1°C set the beginning of deformation (L)  
recording. Unfortunately, the originally adopted method 
of testing the deformation (L) of the sample as a function  
of rising temperatures proved to be rather inaccurate. 
According to  the indications of the environment tempera-
ture measuring element, the phase transition of the binder 
was already at 180–220°C , which was not  bserved in the 
research [25–27]. It was decided to present the results of 
thermal deformation as a function of time during the both-
side heating of the samples (Figs. 3–7). 

Fig. 1.  Diagram of thermal deformation measuring stand:  
1) sample of molding sand; 2) support with grip; 3) heaters; 4) load 
(sensor) [24]

Fig. 2. Apparent density of cured molding sand with five grades of 
hydrated sodium silicate
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The analysis of distortion changes revealed that all 
types of molding sand with different grades of hydrated 
sodium silicate cured in an electromagnetic field have 
low heat expansion. After heating the samples on both 
sides, they became plasticized in a short amount of time.  
Each measurement was interrupted after the sample 
distortion exceeded 8 mm. None of the samples was 
fractured during the heating process. It was established 
that the thermal deformations lasted the longest for 
the molding sand with a binder of a maximum molar  
module of 3.4 (Fig. 3).

 In the case of this type of molding sand, the influence 
of a diversified apparent density on the speed with which 
the sample end moves under the weight of the sensor is 
also visible. Sample MS137 compacted five times to a den-
sity of 1.54 g/cm3 (Fig. 3) showed the least thermoplasti-
city (the slope of the deformation curve to the time axis 
was the least). 

Fig. 7. Measurement results of hot distortion tests for molding sand 
with hydrated sodium silicate grade 150 densified two-, three-, or 
five-fold times 
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Fig. 5. Measurement results of hot distortion tests for molding sand 
with hydrated sodium silicate grade 149 densified two-, three-, or 
five-fold times 
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Fig. 6. Measurement results of hot distortion tests for molding sand 
with hydrated sodium silicate grade 145 densified two-, three-, or 
five-fold times 
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Fig. 4. Measurement results of hot distortion tests for molding sand 
with hydrated sodium silicate grade 140 densified two-, three-, or 
five-fold times
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Fig. 3. Measurement results of hot distortion tests for molding sand 
with hydrated sodium silicate grade 137 densified two-, three-, or 
five-fold times
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A similar phenomena of the slowing down of the process 
of molding sand plasticizing under the influence of high tem-
peratures was detected for hydrated sodium silicate with  
a molar module of 3.0 – MS140 (see Fig. 4). The deforma-
tion graphs (Fig. 5) demonstrate a tendency similar to 
that for binders 137 and 140; i.e., a tendency to impede 
the process of plasticizing the molding sand with grade 
149 hydrated sodium silicate. However, it was estab-
lished that the thermal deformation is not sensitive to 
diversified density (Fig. 2) for this molding sand – MS149.  
The types of molding sand with the binders of grades  
145 (Fig. 6) and 150 (Fig. 7) can be deemed as suscepti-
ble to excessive thermoplasticity on the basis of defor-
mation changes, while the diversified apparent density 
of the molding sand exerted no influence on the rate of 
changes. The exception is MS150 with the highest mea-
sured apparent density (1.57 g/cm3), in which the result-
ing density has a delayed process of sample plasticization.  
It should be noticed, however, that all types of molding 
sand had low contents of binders (1.5 %wt.), which may 
be of significance for the speed at which the bridges bind-
ing the matrix grains plasticize. When cooled down to the 
ambient temperature, all of the samples crumbled in the 
middle, which confirms findings [22, 27, 30] from recent 
research into microwave heating used for the curing of 
molding sand with hydrated sodium silicate.

4. CONCLUSION

An analysis of the thermal deformation of molding sand 
with hydrated sodium silicate cured by means of microwave 
heating revealed that it is the grade (molar module) of the 
binder that is essential; moreover:

For the molding sand with binders of molar modules 
ranging from 3.0 to 3.4 (Fig. 3), thermal deformations last-
ed the longest. The study also proved that, for these binders, 
the density of the molding sand is essential for increasing/
decreasing the speed of thermoplastic deformation result-
ing from the heating of the samples.

For molding sand with a binder grade 149 and of  
a molar module of 2.9, a tendency to impede the process of 
plasticizing the molding sand was established (though the 
distortion is not affected by diversified density).

The most-common types of molding sand in the foundry 
industry (i.e., molding sands MS150 and MS145 with bind-
ers of molar modules from 2.0 to 2.5 [grades 150 and 145]) 
show excessive thermoplasticity. 

The Multiserw-Morek DMA device allows us to adopt its 
basic HDT measurement functions for the precise compar-
ative research of molding mixture behavior at high tem-
peratures to reduce the negative effect of cavity erosion.  
The study proved that precise HDT measurements are pos-
sible while the temperature of the sample environment is 
well stabilized.

Further research should be carried out with a different 
content of binders containing hydrated sodium silicate and 
other physical and physico-chemical methods of curing in 
order to select the optimum environment-friendly technol-
ogy of molding and core sand.
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Abstract

Resin migration in a core can occur during the core production process performed by blowing methods in which the core 
sand is transported into the core box as a two-phase sand-air flux characterized by various working parameters (working 
pressure, shooting time, volumetric concentration). This migration is the result of the resin being blown off from the matrix 
grain surfaces by compressed air. The methodology of the investigation of this effect developed at AGH University of Science 
and Technology is presented in this paper. The results of the resin migration tests obtained for cores made with cold-box 
technology at various working parameters of the shooting process are also shown. 

Keywords: 

core shooting, core blowing, molding sand, resin migration

1. INTRODUCTION

The blowing process [1–8] of molding sand compaction 
and its hardening (during which, a sand-air flux is in-
troduced into a mold cavity and followed by successive 
flows of air and a hardening factor – one after another 
– into venting holes) is burdened with at least two dis-
advantages. The first one constitutes the diversification 
of the molding sand compaction within the core vol-
ume, especially visible when the sand is shot through 
individual shooting holes, since it leads to a significant-
ly higher apparent density in the shooting hole axis. 
The second disadvantage is resin migration under the  
influence of air flux. This air flux is filtered via the porous 
medium into the venting holes. 

It can be assumed that both aspects occur in all variet-
ies of the core production technology based on shooting 
molding sands with liquid resins, hardened by gaseous 
factors. These aspects are especially important for sands 
with binders with a low viscosity, which characterizes, 
among others, the classic cold box technology (Ashland 
process). This is the subject of our investigations.

The discussed process is based on producing cores 
with the application of a gaseous hardener. The core sand 
contains 100 parts by weight of sand, 0.4–0.8 parts by 
weight of polyalcohol-benzyl-ether, and 0.4–0.8 parts 
by weight of polyisocyanate. Both the resin and poly-
isocyanate are low-viscosity liquids, usually mixed at  
a ratio of 1:1. This mixture reacts in the presence of the 
proper amino-catalyst blown through the core sand. The 
resin polymerization occurs in a few seconds. At the end 
of the hardening reaction, the unused amine shifts itself 

to successive sand portions and catalyzes their reaction. 
After the total core hardening, amine is rinsed out by the 
cleaning air and then transferred to a neutralizing washer 
filled with sulfuric acid. 

2. INVESTIGATIONS

The standard high-silica sand (100 parts by weight) from 
the Grudzeń-Las mine was used as the matrix in our inves-
tigations. For preparation of the molding sands, the phe-
nol-formaldehyde resin (0.8 parts by weight) of the trade 
name Gasharz 6966 from the Hüttenes Albertus Company 
was applied. The second component of this binder was 
polyisocyanate (0.8 parts by weight) of the trade name 
Aktywator 7624 from the same company. As the catalyst 
of the reaction between both binder components, dimeth-
yl-ethyl-amine (DMEA) was applied in the preparations of 
the cores, while amine of the trade name Katalizator GH3 
was used in the investigations.

Core sands were prepared in a laboratory paddle mixer 
(type LM-R1). The core sand portion was 5 kg each time, 
which warranted the proper mixing of the components. 
The mixing time was 3 min. To begin with, the sand with 
the first part of the binder was mixed for 1.5 min.; then, 
the second part of the binder was added and mixed for the 
next 1.5 min. 

The shaped elements on which the tests were performed 
were made by the experimental blower shown in Figure 1. 
The blowing machine is equipped with shooting cham-
bers with a volume of 2.2 liters. The shooting chambers are 
equipped with heads that have three blowing nozzles (each 
of a diameter of 11 mm) and venting stoppers. 
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Due to the upper air supply (above the sand), it should 
be assumed that it meets the classification criteria con-
cerning the blower and realizes the blowing process. The 
application of the experimental core box (Fig. 2) allowed 
us to make the shaped elements destined for testing the 
resin migration. The measurements were performed 
on the longitudinal shaped elements of dimensions 
22.5 × 22.5 × 167 mm prepared on a research stand.  
Three shaped elements were made in one cycle. 

a)  b)

The prepared core sand was blown into the core box at air 
pressures (p) of 0.40, 0.45, 0.50, and 0.55 MPa while apply-
ing the following blowing times in each series: 0.5, 1.0, and 
1.5 seconds. After core compaction, the gaseous catalyst 
was blown through the core with a pressure of 0.15 MPa. 
The time of blowing was 3 seconds. The amount of amine 
blown into the core box was approximately 1.7 cm3/cycle 
(for 420 g of core sand). After hardening, the cores were 
blown through by air for 17 seconds.

Measuring of the resin migration was performed as fol-
lows: compacted and hardened shaped elements made out 

of the core sand were cut into 7 pieces with similar dimen-
sions. The way of dividing these shape elements is present-
ed in Figure 3. Then, each sample was crushed and weighed. 
Sample elements prepared in such a way were roasted in 
an M14 sylite furnace at a temperature of 850°C for 1 hour. 
After cooling, the sample was weighed again, and then the 
resin content was calculated according to equation [3]:

−
= ×0 1

0

100%m mM
m (1)

 where: 

M – resin content in the given part of the shaped  
element, %;

m0
– sample mass before roasting, g;

m1
– sample mass after roasting, g.

a)  b)

The second testing series concerned the core sand appar-
ent density measurements in the given piece of the shaped 
element. For this aim, the individual parts of the sam-
ple before crushing were measured by a slide caliper and 
weighed. The apparent density was calculated in the follow-
ing way [3]:		

ρ =
× ×

m
a b c

(2)

where:

ρ – apparent density of the core sand, g/cm3;
a, b, c – dimensions: width, thickness, height – respec-

tively, cm;
m – sample mass, g.

Fig. 1. Research stand with blowing machine

Fig. 2. Core box (a) and shaped elements (b) made of core sand

Fig. 3. Method of dividing sample of dimensions 22.5 × 22.5 × 167 mm  
into elements for apparent density and binder content measure-
ments: a) view of cut sample; b) scheme of division
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3. RESULTS AND ANALYSIS OF MEASUREMENTS

The results of the resin content in the core sand sample at 
a pressure of 0.40 MPa are shown in Figure 4. The binder 
content in the core sand should be 1.6% and should be the 
same throughout the whole core volume. 

Analyzing the diagram, it can be noticed that, for the 
shooting time of 0.5 s, the smallest binder content occurs 
in the middle part of the shaped element (sample elements 
Nos. 3 and 4). For Sample No. 3, this does not even reach 
1.6%. Such a binder distribution causes a weakening in  
the shaped element middle part in the place where this ele-
ment is most-susceptible to breaking. For shooting times 
of 1.0 and 1.5 seconds, the smallest amount of the binder 
occurs at both ends of the shaped element, which means at 
the shooting hole (Sample No. 1) and near the venting holes 
(Sample No. 2). Along with an increasing distance from the 
shooting hole, the binder content increases and achieves 
the maximum value in Sample No. 5. 

The binder distribution in the core sand is caused by the 
air introducing this sand into the core box. In dependence 
of the process realization, the air causes a tearing away of 
the binder part from the sand grains and transfers them 
to the porous core channels in accordance with the flow 
direction. The small amount of binder at the end of the 
shaped element is caused by blowing out liquid resin from 
the venting hole range where, due to the air expansion, its 
flow rate increases. It should be also noticed that the bind-
er content is only higher than 1.6% in Sample No. 5, while it 
is smaller for the remaining samples.

The data given in Figure 5 indicates that, after increasing 
the shooting pressure to 0.45 MPa, the binder distribution 
at the core length observed in the shaped elements for 
a pressure of 0.40 MPa and shooting times being 1.0 and 
1.5 seconds, which is similar and occurs for all times of the 
core box filling. Certain differences can be found when the 
binder content in Sample No. 1 will be compared for both 
pressure values. In the case of the pressure of 0.45 MPa, 
the binder amount is lower by approximately 0.04%. 
A similar situation concerns the remaining samples.  

Only in Sample No. 5 does the binder content exceed 1.6%; 
this is comparable with the amount obtained for the 
pressure of 0.40 MPa.

The blowing of the core sand with a pressure of 0.50 MPa 
caused a similar binder distribution in the longitudi-
nal sample. However, for a blowing time of 0.5 seconds,  
an increase of the binder content occurs nearer the shoot-
ing hole in Sample No. 4 while, for other times, it occurs 
in Sample No. 5. The binder content for this pressure is 
also lower in the individual samples than for pressures of 
0.40 and 0.45 MPa. It should also be emphasized that, for  
a shooting time of 1.5 seconds, the binder content in Sample 
No. 1 is less than 1.5%. An analysis of the distribution of 
core sand compaction in the individual samples indicates 
that this distribution is uneven. The highest compaction oc-
curs in the middle of the shaped element (Sample Nos. 3 
and 4), while the lowest is at the ends (Sample Nos. 1 and 6).

The results of the investigations presented in Figure 6 
indicate that the binder distribution on the core length 
is similar to the previous cases for shooting times of 0.5 
and 1.0 seconds; i.e., the smallest binder amounts are at 
the ends of the shaped element (Sample Nos. 1 and 6).  

Fig. 4. Investigations of resin migration for core sand containing 
1.6% resin, p = 0.40 MPa
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Fig. 5. Results of binder migration testing in longitudinal sample 
for core sand containing 1.6% resin, p = 0.45 MPa
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Fig. 6. Results of resin migration tests in longitudinal sample for 
core sand containing 1.6% resin, p = 0.55 MPa 
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The binder content increase (for these times) also occurs 
in Sample No. 4; however, its maximum value does not 
exceed 1.6%. A different binder distribution occurs for  
a shooting time of 1.5 seconds. In this case, the smallest 
binder content occurs at the shooting hole (Sample No. 1) 
and increases with an increasing distance from this hole. 
The highest binder content occurs at the venting hole 
(Sample No. 6). The general binder content for a shooting 
pressure of 0.55 MPa is the smallest when compared with 
the values obtained for lower blast pressures.

4. CONCLUSIONS 

Summarizing the presented investigation results, it can 
be stated that, in the process of core production by blow-
ing methods (blowing, shooting), the uneven distribution 
of sand compaction in the core is a reproducible effect. 
Regardless of the blowing pressure and blowing time, the 
highest compaction occurs in the blowing hole axis (middle 
of the core) and the lowest in places being at a distance from 
this axis. In the core ranges adjacent to the venting holes,  
a zone of better-compacted core sand occurs. The lower com-
paction degree of the sand at the core or sample ends forces  
an increased flow of the gas flux in the surface layers of the 
core due to the better permeability of the core sand being 
in these places. 

The resin distribution in the shaped element (obtained 
by blowing the core sand into the core box), important for 
assessing the core sand strength, is not uniform but is sub-
jected to certain regularities. The smallest amount of resin 
occurs in the part adjacent to the shooting hole, while the 
largest occurs in the vicinity of the venting holes. In addi-
tion, the influence of the shooting pressure on the resin con-
tent in the core sand is noticeable. It is especially visible for  
a shooting pressure of 0.55 MPa (Fig. 6). Along with  
an increase of the air-blast working pressure as well as  
a blowing-time increase, the resin content decreases (which 

indicates that a certain resin amount is shifted to the sur-
roundings by the air flux). The observed effect indicates 
the necessity of optimizing the blowing-process parame-
ters in the direction of minimizing the working pressure 
and blowing time as well as the need for individual selec-
tion of these parameters for the given technology and core 
shape.
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