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Abstract—The influence of the fraction of the powdered waxy material to be compacted and the holding time
under load on the residual stresses and the elastic response of the compacts is studied. The elastic response is
experimentally found to be minimal in the compacts with a porosity of 7–12% at residual stresses less than
0.02 MPa in the compacted material.
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INTRODUCTION
The wide use of investment casting is caused by the

possibility of formation of products of complex
shapes; however, the dimensional–geometric accu-
racy of castings is not high enough [1]. A significant
number of operations and a large range of materials
determine the importance of the search for options to
decrease the cost of machining workpieces [2, 3].

The increase in the processing allowance is due to
the thermophysical processes that take place on cool-
ing or heating of a model composition. Shrinkage
defects appear when an investment pattern is formed
from a waxy model composition by pouring (liquid) or
pressing (pasty) into a mold. The thermal expansion of
such a model removed from a shell mold, which
reaches 10–14%, is also a negative factor.

The method of manufacturing an investment pat-
tern from a powdered waxy material by cold pressing
seems to be effective [4]. In this case, an investment
pattern after the end of compaction is a frame with a
distributed porosity. Cold pressing provides the pro-
duction of pressed investment patterns from waxy
model compositions with a porosity of up to 14%. The
compacting of a model composition to the density that
is 10–12% lower than the density in the as-cast state is
technologically justified [5].

An obstacle to the wide use of the new process
under production conditions is the elastic response of
a waxy model composition, which is determined by
residual stresses and leads to an increase in the size of
a pressed investment pattern by 0.4–1.2% [6]. Diffi-
culties arise when an investment pattern of a complex

shape is formed because of a lack of information about
the stress and density distributions in variable cross-
section areas.

The final parameters of compacts are affected by
the press die speed and the holding time in a loaded
state [7, 8]. The domestic and foreign scientific litera-
ture contain information about the processes of form-
ing compacts from metallic powders [9–11], refrac-
tory mixtures [12], and polymer materials [13, 14], and
this information can only be used to a small extent to
predict the final properties of compacts made of waxy
materials.

The purpose of this work is to study the influence
of the parameters of compacting a powdered waxy
material on the formation of residual stresses in a
compact and to make recommendations for decreas-
ing the elastic aftereffect.

EXPERIMENTAL

To form a compact, we used a widely used
PS 50/50 waxy model composition, which is an alloy
of paraffin and stearin with the same mass content of
the components. The melting point of the composi-
tion is 52°C (determined using a Shimadzu DTG-60H
differential thermal analyzer). Therefore, an experi-
ment was conducted at a temperature of 20 ± 2°C. The
preliminarily set technologically acceptable particle
size range of the composition (with allowance for the
technological possibility of production and the forma-
tion of thin-walled sections of compacts) was 0.63–
2.5 mm.
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Fig. 1. Scheme for the formation of a compact from a waxy
model composition: (a) start of crosshead motion and
(b) end of crosshead motion.
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Fractions of 0.63 and 2.5 mm were formed by siev-
ing chips on sieves; the particles had an irregular f lake-
like shape of different thicknesses. Therefore, it is dif-
ficult to use the well-known techniques [15], which
assume a spherical shape of particles, to calculate the
final properties of the compact. The compacting of a
powder mixture conventionally consists of the follow-
ing three stages: structural deformation of the mixture
to be compacted, the stage of pressure growth without
RU
increasing the density, and the stage of plastic defor-
mation [16]. Obviously, it is advisable to start record-
ing the load that appears on compacting a powder
beginning with the third stage.

The powder mixture was loaded into a steel cylin-
drical mold d = 43.3 mm in diameter and was prelim-
inarily compacted by bumping-down at a frequency of
3.5 Hz. The height (h0i) of the compacted mixture
(powder preform) of porosity Π0i was taken to be initial
(Fig. 1a). h0i was adjusted by charge mass mi (Table 1).
Compacting was performed until the central section of
the compact reached the height h equal to the mold
diameter d (Fig. 1b). We prepared porous compacts of
density ρi, which is 0–12% lower (see Table 1) than the
model composition density (which is ρlit = 921 g/cm3

for the state of gravity casting). The maximum density
ρmax of the PS 50/50 composition (0.942 g/cm3) was
determined by compacting an as-cast cylindrical sam-
ple at 12 MPa for 10 h on an AG-X plus (Shimadzu)
universal testing machine.

Sample porosity Πi was determined by the formula

(1)

where Πun is the underpressing parameter, which
shows how much (%) the compact density ρi is less
than ρlit of the sample of the same volume.

Charge mass mi was determined by the following
expression with allowance for the required sample
density:

(2)

To ensure equal conditions for compacting porous
bodies with different initial masses, the press die speed
was set to decrease porosity Πi by the same value per
unit time. The AG-X plus (Shimadzu) machine does
not allow the crosshead speed to be continuously
changed. Since each value h0i corresponds to its spe-
cific initial porosity Π0i, the constant crosshead speed
vi was set so that the porosity decreased to 0 in t = 60 s.
Choosing mass mi, we calculated height hmini corre-
sponding to complete compacting (Πi = 0),

(3)

where S is the base area of the forming cavity cylinder.
With allowance for Eq. (3), the crosshead speed in

compacting a powder blank is

(4)
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Table 1. Parameters of formation of compacts of various densities from the PS 50/50 composition

Ahead and behind of slash, the data obtained for the compacts made of a powder fraction of 0.63 and 2.5 mm, respectively, are given.

Parameter
Relative porosity (underpressing) Πuni, %

0 2 4 6 8 10 12

Пi 0.0223 0.0418 0.0614 0.0810 0.1005 0.1201 0.1396
mi, g 62.9 61.6 60.3 59.1 57.8 56.6 55.3
hmin i, mm 43.3 42.4 41.5 40.7 39.8 39.0 38.1
h0i, mm 103.0/116.2 106.2/111.1 99.1/108.0 103.2/106.2 92.2/104.1 90.0/104.0 89.0/103.1
Π0i 0.58/0.63 0.60/0.62 0.58/0.62 0.61/0.62 0.57/0.62 0.57/0.63 0.56/0.63
Δhi, m 58.7/71.8 61.9/66.8 54.8/63.8 58.9/61.8 47.9/59.8 45.7/59.8 44.7/58.8
vi, m/min 59.68/72.78 63.79/68.67 57.57/66.57 62.52/65.40 52.39/64.29 51.02/65.12 50.02/65.01

Fig. 2. Stress on unloading vs. the holding time under load
for the compacts made of a fraction of (a) 2.5 and
(b) 0.63 mm.
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where Δhi = h0i – hmini is the conventional crosshead
displacement (mm). The values of vi for each Πi are
given in Table 1.

When the crosshead reached position h, the sam-
ples were kept in the loaded state for 1 h. This time is
thought to be sufficient for a compact to reach the
state where the stresses change insignificantly during
relaxation and the density is uniformly distributed.
The stresses at the press die were recorded with the
AG-X plus (Shimadzu) testing machine in the course
of holding. Once the experiment was completed, the
compact was removed from the mold, and its height hc
was determined using a DIN863 Vogel recorder accu-
rate to 0.001 mm. The ultimate compressive strength
of the cylindrical compacts removed from the mold
was determined with the AG-X plus (Shimadzu) test-
ing machine at a cross arm speed of 0.1 mm/s.

Based on the experimental results, we plotted the
ultimate compressive strength and the stress during
relaxation as functions of the holding time under load
and the elastic response of the compact Rc as a func-
tion of Πun. The elastic response was determined by
the formula

where h = d and hc is the height of the compact
removed from the mold.

RESULTS AND DISCUSSION
Figure 2 shows the experimental dependences of

the stresses detected during the relaxation of the com-
pacts on the time of their holding in the loaded state,
when the moving elements of the mold are closed. The
experimental dependences of the stresses upon
unloading on the holding time that correspond to
Πun < 12% and are obtained at a step of 2% belong to
the region bounded by the solid and dotted lines. The
reliability of approximation by the proposed polyno-
mial dependences is quite high. Note that the stresses

−= ×c
c

c

( )R 100, %,h h

h
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decrease faster than an exponential law. Stress relax-
ation continues throughout the entire test time and is
most intense during the first 25 minutes. When com-
pacts are fabricated from a fraction of 0.63 mm, the
stresses in the case of Πun = 0% are 30% higher than
those for a fraction of 2.5 mm.

When Πun decreases, the differences in the stresses
decrease; at Πun > 12%, the fraction of the material
does not affect the stress at the beginning of unloading
(Fig. 3). Ultimate compressive strength σu depends on
 4
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Fig. 3. Compressive strength of the compact and the
stresses corresponding to the beginning of unloading vs.
the relative porosity (underpressing Πun).

Relative porosity, %
0 2 4 6 8 10 12

St
re

ss
, M

Pa

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

σu1

σu2

σu1

σu2

Fig. 4. Residual stresses and elastic response vs. the relative
porosity (underpressing Πun).
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the fraction of the material. The ultimate compressive
strength of the compacts made from a fraction of
0.63 mm (σu1) is 19–27% higher than that of the com-
pacts made from a fraction of 2.5 mm (σu2) at Πun =
0–12% (see Fig. 3). The ultimate compressive strength
of the compacts for all values of Πun considered in this
paper is technologically acceptable. However, Rc does
not meet the experimental requirements at all Πun.

When a compact is removed from the mold after
compacting, the maximum elastic response was found
to be Rc = 1.2% along the pressing axis, which is deter-
mined by residual stresses. The experimental data
demonstrate that, after one-hour cycle under load, the
compact remains stressed and the maximum value of
Rc (Πun = 0) is 0.65% (Rc1) and 0.62% (Rc2) for the
compacts made from fractions of 0.63 and 2.5 mm,
respectively (Fig. 4). The minimum elastic response
(Rc < 0.1%) was observed in the compacts at Πun = 7–
12% formed at residual stresses σres < 0.02 MPa in the
material.
RU
CONCLUSIONS
(1) The stress relaxation in the compacts made of

the PS 50/50 paraffin–stearin composition is most
intense in the first 25 min of holding under load.

(2) The maximum stresses that appear in compact-
ing the powder composition made of a fraction of
0.63 mm to Πun = 0% are approximately 30% higher
than those in the compacts made of a powder fraction
of 2.5 mm.

(3) At 0% < Πun < 12%, the ultimate compressive
strengths of the compacts made of a powder fraction of
0.63 mm are 19–27% higher than those of the com-
pacts made of a fraction of 2.5 mm.

(4) The elastic response of the compacts made of
both powder fractions is minimal (Rc < 0.1%) at 7% <
Πun< 12% and residual stresses σres < 0.02 MPa. Thus,
to produce compacts with minimum Rc, it is prefera-
ble to use an algorithm, which takes into account the
underpressing parameter when the stresses at the press
die are lower than 0.02 MPa, for choosing the pressing
rate.
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