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Abstract: Despite the large number of studies devoted to different compositions of polymer binders
for PIM technology, the actual task is still a comparative analysis of the properties of different types
of binders to determine their advantages and disadvantages and optimize the compositions used.
In this regard, this study aims at the identification and comparative analysis of the rheological prop-
erties of the most demanded feedstocks with binders based on polyoxymethylene and a wax—poly-
olefin mixture under the condition of using identical steel powder filler. The rate of change in the
volume fraction of the liquid phase of the binder in the compared feedstocks with temperature
change was determined by the calculation—experimental method. As shown, the temperature de-
pendence of the viscosity of feedstocks with a binder based on a polymer blend depends on factors
with variable power, i.e., the viscosity change with temperature occurs by different mechanisms
with their relaxation spectra. Thus, the principle of temperature-time superposition for feedstocks
with multicomponent binders is not applicable, and the study of the viscosity of such materials
should involve a wide range of shear rates and temperatures using experimental methods. Capillary
rheometry was used to measure the flow curves of feedstocks based on polyoxymethylene and wax—
polyolefin binders. The analysis of flow curves of feedstocks showed that feedstocks with a binder
of solution—thermal type of debinding have significantly lower viscosity, which is an advantage for
molding thin-walled products. However, their difference of 1.5 times sensitivity to the shear rate
gradient leads to their lower resistance to “jets” and liquation of components because of shear rate
gradients when molding products with elements of different cross-sectional areas.

Keywords: rheological properties; powder-polymer mixture; powder injection molding;
polyoxymethylene; polyolefins; waxes

1. Introduction

The most efficient technologies for the production of small-sized metal complex pro-
file parts today are metal injection molding (MIM), additive manufacturing (AM), and, in
ceramic products, technologies of slurry and powder injection molding (PIM), including
low-pressure hot molding (LPIM) [1]. By combining the productivity of the injection
molding method with the versatility of sintering the powder charge of the required com-
position, powder injection molding (PIM) technologies combine the advantages of tradi-
tional powder metallurgy methods and casting into metal molds. Unlike additive tech-
nologies, the injection molding of powder—polymer mixtures (feedstocks) makes it possi-
ble to effectively provide the mass and serial production of precise small-sized complex
parts with optimal cost and a given set of properties. In addition, these technologies are
sufficiently efficient to produce small-sized parts of complex configurations made of hard-
to-machine materials.
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PIM technology uses a dispersed-filled composite material in the form of a mixture
of a polymer binder and powders, called “feedstock”, followed by molding the product
by the injection of this mixture into the cavity of the casting mold, curing the casting, re-
moving the cured casting (the “green” part is the powder-filled polymer one), and remov-
ing the polymer binder (debinding), followed by sintering the porous powder part (the
“brown” part), resulting in a “finished” part. If necessary, the sintered part undergoes
finishing mechanical and chemical-thermal treatment. In the case of the catalytic debind-
ing process, the polyoxymethylene-based binder is removed from the green part in nitric
acid vapors in a specialized furnace used to further sinter powdered part blanks without
resetting operations. In the case of wax—polypropylene binder mixtures for the solution—
thermal method of debinding, the waxy part of the polymer binder mixture from the pre-
form is eluted by a nonpolar solvent, leaving behind a developed system of communi-
cating pores. The system of pores formed as a result of solution debinding during the
subsequent heating provides the unhindered exit of gaseous pyrolysis products of the
polyolefin component of the polymer blend, which, depending on the polyolefin type,
account for more than 99.91% of the initial mass of PP, and the mass fraction of ash is less
than 0.09% and practically does not affect the chemical composition of the sintered mate-
rial. Such a two-stage technology of binder removal from the preform prevents the ap-
pearance of cracks and local heterogeneities in the body of the sintered powder “brown”
part and ensures the preservation of its geometry.

The relevant literature presents a more detailed description of PIM technology and
the processed and final materials [1-3] and does not appear here to reduce the scope of
the work.

It is essential that the variety of possible combinations of the dispersed filler and the
polymer mixture of binders leads, both quantitatively and qualitatively, to a significant
difference in the properties of feedstocks, which determine the technological modes of
their processing and, to a large extent, the quality of the final product—parts mass-pro-
duced by the PIM method. Polyoxymethylene (POM), polyolefins in the form of polypro-
pylene (PP) and polyethylene (PE), ethylene vinyl acetate (EVA), polystyrene (PS), poly-
ethylene glycol (PEG), polymethyl methacrylate (PMMA), and other polymers and oligo-
mers are the main components of binders [3-5]. However, the most industrially de-
manded types of polymer binders in PIM technology are polyoxymethylene-based com-
positions and wax—polyolefin mixtures [3-5]. Despite a large number of research and ex-
perimental and technological works devoted to different compositions of polymer binders
for PIM technology, the actual task is still a comparative analysis of the properties of dif-
ferent binders to determine their advantages and disadvantages and to optimize the com-
positions used. Here, feedstock’s rheological and thermophysical properties, PVT charac-
teristics, and compactability are the main properties determining the molding modes of
part blanks. In this regard, this study aims at a comparative analysis of the rheological
properties of the most demanded feedstocks with binders based on polyoxymethylene
and wax—polyolefin mixtures using identical powder fillers.

2. Literature Review

PIM technology is a modern stage in developing ceramic slurry casting technology
with a deep history. Some foreign publications attribute the beginning of PIM develop-
ment to the first patent for manufacturing ceramic products from a mixture of ceramic
particles and polymer molded under pressure [6]. Note that technologies such as slurry
casting and hot molding were used for a long time only in the manufacturing of ceramic
products. However, the situation changed when, after the development of plastic technol-
ogy and the spread of injection molding machines, hot molding technology developed
into low-pressure powder injection molding (LPIM) and high-pressure powder injection
molding (HPIM). The rheology of the used powder—polymer mixtures and the polymers
themselves, which are part of the binder, play a decisive role in the possibility of molding
complex parts using the PIM method [7].
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Currently, many papers regularly publish study results on the rheological properties
of feedstocks and polymers used in them [8-10]. New reviews and articles devoted to the
issues of modeling the molding process based on rheological data continue to appear [11-
13]. In summary, feedstocks are highly filled composite materials molded in the state of
suspension, which, depending on the degree of filling, is characterized by a yield point.
Many rheological equations describe the rheological state of such materials, which are
detailed in [12]. Table 1 presents the most popular of these rheological equations for ref-
erence.

Table 1. Some popular rheological equations.

Model Name

Model Description Model Equation

The Bingham plastic model is the most common rheological A
model used in the drilling industry. This model is a two-pa- ¢ =0, + 1,7,

Bingham model [14] rameter model that includes the yield stress and plastic vis- where 0, —yield point; 7, —plastic viscosity;

cosity of the fluid. After the fluid starts to flow, there is a lin- o —shear stress
ear relationship between shear stress and the shear rate.

Herschel-Bulkley
model [15]

The Herschel-Bulkley fluid is a generalized model of a non-
Newtonian fluid in which the strain experienced by the fluid
is related to the stress in a complicated, non-linear way. The
consistency is a simple constant of proportionality, whereas
the flow index measures the degree to which the fluid is
shear-thinning or shear-thickening. Finally, yield stress quan-
tifies the amount of stress that the fluid may experience before
it yields and begins to flow.

o =0y, +K,y",
where K and n are material constants deter-
mined experimentally

Casson model [16]

The equation shows that the effective viscosity of the Bing-  ¢1/2 = ¢,/% 4 (ny}})l/ 2
ham medium decreases with an increasing shear rate. (used only when ¢ >gy)

Einstein model [17]

This model is used for very dilute suspensions of non-Brown-
n=1+25¢,

ian hard spheres. It ignores any particle—particle hydrody- where ¢ —filler volume fraction

namic interactions. It is generally valid for ¢ <0.03.

This model is used to describe the viscosity of the cement
mixtures. The Dougherty equation gives the dynamic viscos-

ity from the volume fraction of cement particles, which may 7 = (1 — £ y=[momaz,

Pmax

Krieger-Dougherty be obtained from the relationship between water and cementi-where 7 , —relative viscosity; ¢ —volume of

model [18]

tious materials. The interest in and application of the Krieger—the loaded fraction; ¢,,q, —maximum degree of
Dougherty equation in these suspensions are, from a theoreti- compaction; [n]—characteristic viscosity

cal point of view, due to its robustness and the fact that its pa-

rameters have a physical significance.

Quemada’s model
[19]

Quemada’s model is based on the generalization of the hard

sphere model and a revised effective volume fraction concept.

For the latter, individual particles and small irreducible aggre-

gates (referred to as individual flocs) are assumed to be the = - P )2
main components of the structural units. However, because it Pmax
is improbable to have all individual flocs included in struc-

tural units, the possibility of finding free individual flocs in

the stabilized suspension is considered.

Orri model [20]

The Orri model equation reconciles Einstein’s model with
more recent models using the mobility parameter. The param-
eters k and ¢,, canbe determined from the experimental
data by curve fitting analysis.

(p 2
14250 +k ( )
n v+ko(o——5

Power-law model
[21]

ou\"
o =k (5)
The Power-law model for non-Newtonian fluids is one of the where 7—shear stress, Pa; K is flow density co-
most common viscosity models used in hydraulic analysis.  officient, Pa-s; du /3y —shear rate gradient

This model states that shear stress requires shearing a fluid at along the axis perpendicular to the shear plane,

a given rate. s71; n—dimensionless indicator of medium be-
havior
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A second-order fluid is a fluid in which the stress tensor is the 0;; = —p8;j + Nodij1) + @1 Akjr) + AAij2y
sum of all tensors that can be formed from the velocity field ~where pd;;—indeterminate spherical stress due

Second-order model with up to two derivatives, much as a Newtonian fluid is to the constraint of incompressibility; A;;jm)—

[22]

formed from derivatives up to the first order. This model can n-th Rivlin-Ericksen tensor; 7, —zero-shear
be obtained from a retarded motion expansion truncated at  viscosity; a;, @, —constants that are related to
the second order. the zero shear normal stress coefficients

Carreau model [23]

A Carreau fluid in physics is a type of generalized Newtonian L

. 2N o
fluid in which viscosity depends on the shear rate. At a high ~ Heff (¥) = Hing + (o = Hiny) (1 + (2r) ) ’ _
shear rate, which depends on the power index and the infinite where po—viscosity at a zero-shear rate (Pa-s);
shear rate viscosity, a Carreau fluid behaves as a Newtonian pis—viscosity at infinite shear rate (Pa-s);
fluid again with viscosity pny. A—characteristic time (s); n—power index

Cross model [24]

A Cross fluid is a type of generalized Newtonian fluid whose
e . y Ho~Heo
viscosity depends on the shear rate. The zero-shear viscosity Herr(¥) = Heo + 17 o
is approached at very low shear rates, whereas the infinite  where p,, o, k, 1 are coefficients

shear viscosity is approached at very high shear rates.

Cross-WLF model
[25]

Mo

\1-n
MoY
1+(T,,>

where 1y —zero shear viscosity or the “Newto-
nian limit” in which the viscosity approaches a

n=

The Cross-WLF viscosity model describes the temperature,
shear rate, and pressure dependency of the viscosity for ther-

. . constant at very low shear rates; t* —critical
moplastic materials.

stress level at the transition to shear thinning,
determined by curve fitting; n—power law in-
dex in the high shear rate regime, determined
by curve fitting

Such rheological models for the analytical description of experimental data are un-
doubtedly important because they make it possible to use these mathematical models with
empirical material constants for simulating casting and molding processes using appro-
priate software. Thus, for example, Refs. [26,27] presented models for simulation model-
ing of feedstock casting processes with a common type of binder based on a wax—polyole-
fin mixture, and [28] and many other works presented data on the rheological state of
feedstocks with another common type of binder, polyoxymethylene, also used for model-
ing casting processes. In addition, in the field of feedstocks with a polyoxymethylene-
based binder, it is necessary to note the works [29,30], which not only describe the char-
acteristics of the materials under study but also show that for POM copolymers and their
mixtures, the relationship between complex viscosity and rotational viscosity can be cor-
rectly described using the Cox—Merz rule. However, it should be noted that for highly
filled feedstocks, the Cox—Merz rule is not valid, even when it is valid for the binder ma-
terials.

Nevertheless, although rheological models are used to describe specific feedstock
grades and model their casting, an essential part of scientific research is not only quanti-
tative but also qualitative analysis of the rheological properties of the molded media. In
this regard, this study aims at a comparative analysis of the rheological properties of the
most popular feedstocks with binders based on polyoxymethylene and wax—polyolefin
blends using an identical powder filler. The results of this analysis can provide new
knowledge for technologists and engineers working with feedstocks with these types of
polymer binders.

Among the recent studies that analyze the rheological properties of feedstocks qual-
itatively rather than quantitatively, it is necessary to note several ones. Previous studies
[8-10] presented a generalized diagram of the rheological states of suspensions with pol-
ymer matrices. For the first time, these studies discovered and described the presence of
the elastic—plastic state region of suspensions, which may increase the fluidity of feed-
stocks at the maximum concentration of solid phase in powder casting. A study [31] pro-
posed a nonlinear Maxwell-type defining relation to describe the shear deformation of
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thixotropic viscous elastoplastic environments and analyzed the effects of thixotropy and
viscosity super anomaly. Rather than completing a detailed review of new articles de-
voted to the rheological equations of the state of feedstocks and their characteristics, let
us move on to the subject of this comparative study of the features of the rheological be-
havior of feedstocks with a wax—polyolefin binder.

3. Research Methods and Results
3.1. Composition and Structure of the Compared Powder—Polymer Mixtures

The objects of the current study are two feedstocks with structural low-alloy steel
powder as their base. Both feedstocks were produced under laboratory conditions using
a screw mixer. For this, the same powder was used but with different types of binder. The
essential difference between these feedstocks is the type of polymer binder used. Type 1
feedstock manufacturing uses a binder designed for solution—-thermal debinding (i.e., us-
ing a wax—polyolefin mixture), whereas type 2 feedstock manufacturing uses a binder de-
signed for catalytic debinding (i.e., using polyoxymethylene).

Both feedstocks have (61.9 + 0.1) vol. % of 42CrMo4 steel powder in their bases with
spherical particle sizes ranging from 2 to 16 pum with an average Dso = 6 um. The binder
for the type 1 feedstock is a mixture of paraffin wax (PW), polypropylene (PP), and stearic
acid (SA) in small amounts. The total volume of polypropylene is 38% of the volume of
the polymer blend, i.e., 14% of the entire feedstock volume. In other words, the mass frac-
tion of wax is 3.85 + 0.05% and that of polypropylene is 2.79%. Polyoxymethylene (POM)
is applied to the binder of the type 2 feedstock. Classic polyoxymethylene feedstock for-
mulations use approximately 10% polyethylene by volume; however, in this investigation,
polyolefins were not mixed with polyoxymethylene to provide a fundamental comparison
of the behavior of a one-component polyoxymethylene binder and a wax—polyolefin mix-
ture. Figure 1 shows the microstructure of the compared feedstocks as a result of scanning
electron microscopy examination using an FEI Phenom ProX electron microscope
(Thermo Fisher Scientific company, Waltham, MA, USA). This microscope was used at an
accelerating voltage of 5 keV.

@ |

Figure 1. Microstructure of the compared feedstock types: (a) type 1—with wax—polypropylene
binder mixture and (b) type 2—with polyoxymethylene.

The obtained images (Figure 1) confirm that both feedstocks have a homogeneous
microstructure and predominantly contain metallic particles of a spherical shape, which
ensures uniformity and reproducibility of shrinkage during the sintering of part blanks.

3.2. Methods and Results of Evaluating Rheological Properties

Phase transitions in the components of polymer binder mixtures of the compared
feedstocks were studied using differential scanning calorimetry. Measurements of specific
heat flux used a Netzsch DSC 204F1 device ("Netzsch", Selb, Germany) with a heating rate
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Hr =10 K/min in an inert argon atmosphere at a purge speed of the measuring cell of 50
mL/min according to ISO 11357-1:2023 [32]. In accordance with the characteristics of the
device, the error in determining the enthalpy during DSC measurements is less than 1%.
Figure 2 shows the measured calorimetric curves.

-100 ' r
2 - — | !
> - 7 T === | s - ==
= 150 . = ==
@ -200 : S ! :
5 | | |
= 250 ' ‘', '
3 : ! :
£ 300 \ v ! |
o 1 v ! 1
S 350 ' AL '
& ' Y '
-400
40 80 120 160 200

Temperature T,C

Figure 2. Calorimetric heating curves of feedstocks: solid line—with wax—polyolefin binder; dotted
line—with polyoxymethylene; thin vertical lines indicate the boundaries of the melting temperature
ranges of the polymer components.

Figure 2 shows that feedstock based on polyoxymethylene, in the absence of polyole-
fin additives, has a single pronounced melting peak, whereas the feedstock based on a
mixed binder is characterized by two peaks for each of the components, corresponding to
the melting of wax and polypropylene. In addition, we note that the observed non-mono-
tonic bend in the DSC curve for the wax—polyolefin feedstock at a temperature of approx-
imately 57 °C is associated exclusively with the melting characteristics of the wax used in
this feedstock. Even before the production of the feedstock, it was known that the melting
point of the stearic acid used is 66 + 1 °C, but the thermal effect of its melting is insignificant
and does not have a significant effect on the nature of the DSC curve shown in Figure 2. The
obtained DSC curves made it possible to determine the boundaries of the melting temper-
ature ranges Twv1 and Twms for each of the polymer components of the binder, as well as the
temperature Tm2 of the maximum intensity of the melting process. The values of these
temperatures are shown in Table 2. It should be noted that the temperature values dis-
played in Table 2 are based on the derivative d[Q'(T)]/dT value. This approach, in contrast
to using the secant method, will make it possible to use these values in calculations, oper-
ating with smooth functions.

Table 2. Temperatures characterizing the melting process of polymers in a binder.

The Type of Polymer
Temperature Value, °C in the Binder
Wax PP POM
Melting process start temperature Twvi 47 123 116
Temperature of the maximum melting intensity Tm2 66 151 166
Melting process start temperature Tws 86 166 188

The obtained temperature dependences of the specific heat flux Q'(T) made it possi-
ble, according to Equation (1), to calculate the temperature dependences of the liquid
phase volume fraction &,z(T) in the polymer binder and entire feedstock &, (T). The
change in polymer density during heating was not considered within the scope of such an
estimation calculation. Figure 3 shows the calculated dependences of the liquid phase vol-
ume fraction &;5(T) and &, (T) with temperature change.
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J Q'«(T)dT

sl
%95 Jy, J Qi(MaT (1)

$pi(T) =

$uri(T) = @i - $1pi(T)
where ¢ p; —volume fraction of the liquid phase in the binder of the i-th feedstock; &, r;—

volume fraction of liquid phase in the i-th feedstock; and (péi —volume fraction of the j-th
polymer component in the binder of the i-th feedstock.
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Figure 3. Dependences of the liquid phase volume fraction in feedstocks on temperature change:
dashed line —for the feedstock with polyoxymethylene; solid line—for the feedstock with the wax—
polyolefin binder; dotted line—difference in the liquid phase fraction of the compared feedstock
types.

To determine the temperatures at which the destruction of the components of the
wax—polyolefin feedstock binder may begin during casting, appropriate measurements
were performed using thermogravimetric analysis. An SDT Q600 device (TA Instruments
company, New Castle, MA, USA) was used for these measurements. The heat rate of the
samples was 5 K/min to 550 °C in an inert argon atmosphere. According to the character-
istics of this device, the sensitivity for differential thermal analysis is 0.001 °C, and the
sensitivity of the balance is 0.1 ng. The obtained measurement results (Figure 4) made it
possible to establish that the destruction of wax begins at 175 °C but intensifies only at 200
°C. The destruction of polypropylene begins at significantly higher temperatures without
affecting the casting stage.

o1 100
Q
Q\O, 0.08 98
o R
g 006 =
® % 5
2 0.04 g
>
§ 002 — %4
;:‘; 0 92

0 100 200 300 400 500 600

Temperature T,C

Figure 4. Thermogravimetric heating curves of feedstock with the wax—polyolefin binder (the dotted
line indicates the beginning of the destruction process; solid black line—thermogravimetry data;
blue line—differential thermogravimetry data).
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The temperature dependence of the dynamic viscosity of the wax—polyolefin feed-
stock was determined using the method of rotational viscometry with measurements per-
formed on a Malvern Kinexus Pro rheometer (Malvern Panalytical company, Malvern,
Worcestershire, UK) at a shear rate of 10 s7!. In this case, in accordance with the character-
istics of the rheometer, the temperature resolution is 0.01 °C. Figure 5 shows the measured
temperature dependence of the dynamic viscosity of the wax—polyolefin-bonded feed-
stock. The natural limitations of the experimental technique did not make it possible to
determine the values of dynamic viscosity at temperatures below 120 °C when the poly-
mer mixture of the binder turned into a suspension of liquid wax and solid polypropylene.
The dependence of dynamic viscosity on temperature for feedstock with polyoxymeth-
ylene binder was not measured because it is not of interest because of its simplicity. The
feedstock with a one-component binder has a simple dependence of viscosity on temper-
ature described by the Arrhenius Equation with flow activation energy Erom = 64.5 + 0.5
kJ/mol known from open sources [33].

e 1.0x107 T r r T
« | | | .
R 1 [} [} !
£ 1.0x106 A 1 | ' \
b [} ] ] .
‘3 1 1 1 !
S 1.0x10° + | 1 1 .
B 1 1 .
3 | 1 1 |
= 1.0x10* 4 | '
g x ! \:-—\-:\?
g 1 1 1 1
R 1.0x10° L r r — r r —
115 125 135 145 155 165 175 185 195

Temperature T,C

Figure 5. Experimental dependence of the dynamic viscosity of the wax—polyolefin-bonded feed-
stock with temperature change at a shear rate of 10 s presented in semi-logarithmic coordinates.
The dashed vertical lines on the graph indicate the temperatures that characterize the melting pro-
cess of polypropylene in the feedstock. The dash-dotted vertical line indicates the temperature at
which wax destruction begins.

The obtained temperature dependence of the feedstock dynamic viscosity with the
wax—polyolefin binder shows that under normal atmospheric conditions at temperatures
above T, =185 °C, an increase in its dynamic viscosity is associated with the destruction
of wax. Thus, for the studied feedstock with the wax—polyolefin binder, it becomes possi-
ble to develop the following technological recommendations: the feedstock temperature
in the injection molding machine should be from 170 °C to 185 °C. At the same time, it is
well known from the literature that the recommended temperature range for processing
feedstock based on polyoxymethylene in the cylinder of an injection molding machine is
somewhat larger and is usually 180-220 °C [31,33].

With the temperatures Ty, Ty2,and Ty; determined earlier by differential scanning
calorimetry, corresponding to the melting of polypropylene in the feedstock with the
wax—polyolefin binder, the viscosity dependence shown in Figure 5 is divided into several
characteristic sectors (regions). On the curve, the area of sharp temperature relaxation
stands out, characterized by a significant, of more than 2.5 decimal orders, viscosity de-
crease, ending at temperature T); =123 °C that corresponds to the melting point of poly-
propylene in the feedstock polymer binder mixture. This is the no-flow temperature for
this feedstock [34].

Furthermore, in the temperature range from Ty, to T3, the feedstock with the two-
component wax—polyolefin binder has a region of less significant viscosity decrease,
where the decrease is only 0.25 orders of magnitude in the absolute value of dynamic
viscosity. This change in feedstock viscosity is simultaneously a consequence of both the
thermal activation of the liquid phase and an increase in the liquid phase volume fraction
resulting from the melting of polypropylene. The temperature dependences of the volume
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fraction of the liquid phase in the feedstock presented in Figure 3 made it possible to cal-
culate the rate of its change (d¢,z/dT) with temperature changes (Figure 6).

0.030

0.025 N

0.020

1
[
Iy
0.015 Iy
L
0.010 oy

in feedstock,,C?!

0.005 \

Temperature sensitivity of
liquid phase volume fraction

0.000 >
40 60 80 100 120 140 160 180 200
Temperature T,C

Figure 6. Change rate of the liquid phase volume fraction with temperature: solid line—feedstock
with the wax—polyolefin binder; dotted line—feedstock based on polyoxymethylene.

The temperature relaxation from 147 °C to 153 °C for the feedstock with the two-
component wax—polyolefin binder shows less sharpness (Figure 5) but a jump-like de-
crease in feedstock viscosity by 0.5-x 103 Pa-s. The corresponding “center” of this temper-
ature relaxation and the maximum intensity of polypropylene melting practically (with
accuracy to the instrumental error) coincide and is 150 + 1 °C. However, the detected tem-
perature interval of viscosity relaxation from 147 °C to 153 °C is narrower than the melting
range of polypropylene (from 123 to 166 °C) because, at these temperatures, the melting
and thermal activation of polypropylene occur in the volume required for structurally free
flow of the entire feedstock. The temperature values characterizing the melting process
were determined by the DSC method, as described above.

Thus, the viscosity decrease in the feedstock with the wax—polypropylene binder
with increasing temperature is a two-factor process associated with the following factors
of variable power: thermal activation of the liquid phase and changes in its volume frac-
tion, including changes in the fraction of the structurally free part. In this regard, it is of
interest to study the dependence of the dynamic viscosity of feedstocks not only based on
temperature but also on the fraction of the liquid phase in its volume. The construction of
this dependence, shown in Figure 7, is possible based on the temperature dependence of
the liquid phase volume ¢§;(T) obtained earlier (Figure 3).

o 1.0x107 | | [
< Lo !
E 1.0x 106 1 , | |
k) ] ] ]
8 | | |
% 1.0x10° + 1 1 [}
g | | |
3 L | ] ]
é‘ 1.0x104 4 1 T T r
[ | | |
] ] ]
c% 1.0 x 10° r r r —_— - r r

20 22 24 26 28 30 32 34 36 38 40

Proportion of phase liquid & ¢ in feedstock volume, %

Figure 7. Semi-logarithmic dependence of dynamic viscosity and liquid phase content for the wax—
polyolefin-bonded feedstock at a shear rate of 10 s™. Thin vertical lines indicate temperatures char-
acterizing changes in the state of the binder.
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The dependence presented in Figure 7 shows that the power of the named factors
varies in such a way that the following are observed:

e  Attemperatures below 125 °C and up to 80 °C, the viscosity of the feedstock with the
wax—polyolefin binder depends only on temperature; the proportion of liquid dis-
persion medium is constant and equal to 24 vol. %;

e  Attemperatures from 125 °C to 147 °C, the viscosity of the feedstock mainly depends
on temperature, and an increment in the volume fraction of the liquid dispersion me-
dium by 5% has little effect on the viscosity decrease in the feedstock as a whole;

e At temperatures from 147 °C to 166 °C, the process of transition to the structurally
free flow of the whole feedstock slurry is observed because of the appearance of a
sufficient volume of structurally free thermally activated liquid dispersion medium;

e In the range from 166 °C to 185 °C, viscosity depends only on temperature; an in-
crease in the volume fraction of the liquid dispersion medium by 5% almost does not
affect the viscosity of the feedstock with the wax—polyolefin binder.

The change in the dynamic viscosity of a powder—polymer mixture is a thermally
activated process; hence, an activation equation of Arrhenius type (2), also called the Fren-
kel-Andrade equation, can satisfactorily describe the dependence of feedstock viscosity
on temperature.

(1) = Apa - exp () @

where Ap, —proportionality coefficient, Pa-s; Ep, —apparent (effective) activation energy
of viscous flow, J/mol; R—the universal gas constant, J/(mol-K); and T—temperature, K.

To describe the temperature dependence of the viscosity of materials with several
relaxation mechanisms, each with its activation energy, it is possible to use the Doremus
Equation (3), which describes the viscosity of melts of glass forming amorphous materials
[35]. When describing the viscosity of such materials at temperatures significantly above
or significantly below the temperature of the dominant relaxation mechanism (usually,
the glass transition temperature), Equation (3) is reduced to a simplified relation (4), in
which the dimensional coefficients A, and E, have the character of apparent effective
physical values.

(1) = s T (14 Ay -exp () - (1 dur e (525 ©
n(T) = AD -T -exp (RE—DT) )

where Eyr and E;;—activation energies of viscous flow in different temperature ranges,
J/mol; Ags—proportionality coefficient, (Pa-'s)/K; and Ayr and A;r —dimensionless pre-
exponential coefficients.

In addition to the above models, it is possible [36] to use the VFT equation of Vogel-
Fulcher-Tamman or the analogous WLF Equation of Williams-Landella-Ferry (5) to de-
scribe the viscosity of feedstocks over a wide temperature range:

—C - (T— To))

G+ (T—To) ©)

n(T) =no-exp<
where T, —reduction temperature, which, for amorphous materials, is usually the glass
transition temperature T;, K; 1o —viscosity at T,, Pa's; and C; and C, —experimentally
determined coefficients of the WLF model.

Figure 8 presents the results of the analytical description of the experimentally meas-
ured temperature dependence of the viscosity of the wax—polyolefin-type feedstock using
model (2), model (3), and model (4).
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Figure 8. Different models of the temperature dependence of the viscosity of the feedstock with the
wax—polyolefin binder: 1 — Arrhenius Equation (2); 2—Doremus Equation (3); 3—WLF Equation (5).

4. Analysis and Discussion of the Results

The results of experimental data processing show that model (3) provides the most
complete and accurate description of the feedstock with the wax—polyolefin binder; Table
3 shows the identified coefficients of the model. The disadvantage of using the Doremus
model (3) to describe the viscosity of the feedstock with the wax—polyolefin binder is a
slightly underestimated viscosity at temperatures lower than the zero free-flowing tem-
perature —120...123 °C. However, the viscosity dependence in this temperature range is of
the least practical interest.

Table 3. Coefficients of Doremus Equation (3) for the viscosity—temperature dependence of the feed-
stock with the wax—polyolefin binder.

Coefficient Ags, (Pass)/K Air E;r, J/mol Ayt Eyy, J/mol
Value 0.1061 0 5.719 x 105 5.83 x 103 3.799 x 10+

The WLF model (4) best describes the temperature dependence of the viscosity of the
feedstock with the wax—polyolefin binder at the reduction temperature To = 120.81 °C,
which corresponds to the zero free-flowing temperature with high accuracy. However,
despite accurately describing the viscosity dependence near the zero free-flowing temper-
ature, the WLF model gives erroneous results for a significant practice region of pro-
cessing temperatures.

Using the Arrhenius Equation (2) for the temperature dependence of the viscosity of
the feedstock with the wax WLF Equation polyolefin binder made it possible to find that
the coefficient Ap, =18.46 Pa's and the apparent activation energy of the viscous flow Ep,
= 39.315 kJ/mol. Despite the relatively narrow temperature range in which the Frenkel-
Andrade Equation (2) correctly describes the temperature dependence of the viscosity of
the wax—polyolefin-bonded feedstock, the obtained value of the apparent activation en-
ergy of the viscous flow Ep, of this feedstock allowed for a qualitative comparison. It also
made it possible to conclude that the energy Er, for the wax—polyolefin-bonded feed-
stock is slightly higher than that for polypropylene, which Er, ranges from 25 to 30
kJ/mol. However, it is less than that of high-density polyethylene with Eg, from 45 to 75
kJ/mol and less than that of the polyoxymethylene feedstock with Er, from 63 to 65
kJ/mol. The comparison of the values of the apparent activation energy of viscous flow of
feedstocks of two types made it possible to conclude that structuring in the feedstock
based on polyoxymethylene with flow activation energy Er = 64.5 + 0.5 kJ/mol is greater
than in the feedstock with the two-component wax—polyolefin binder with Era=39.5 £ 0.5
kJ/mol, for which this value is comparable to the values for unfilled polyolefins.
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The dependence of the dynamic viscosity of the compared feedstock types on the
shear rate was measured using a Dynisco LCR 7000 capillary rheometer (Dynisco com-
pany, Franklin, MA, USA). In accordance with the characteristics of the capillary rheome-
ter, the accuracy of maintaining temperature during measurements was equal to 0.2 °C,
and the measurements were performed using a standard die with a diameter of 9.55 mm.
Figure 9 shows the measurement results.
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Figure 9. Dependences of dynamic viscosity on the shear rate at different temperatures: (a) for the
feedstock with the wax—polyolefin binder and (b) for the feedstock based on polyoxymethylene.

The power law model with exponent n can describe the behavior of both types of the
compared feedstocks in the range of shear rates from 10 to 10* s (Table 1). The viscosity
of the compared feedstocks decreases with increasing shear stress, and the feedstocks be-
long to the pseudoplastic type of media with exponent n < 1. In the experimentally inves-
tigated ranges of temperatures and shear rates, the feedstock with the wax—polyolefin
binder has exponent 7 in the range from 0.262 to 0.356, whereas the feedstock based on
polyoxymethylene under the same conditions has n = 0.469.

5. Conclusions

This experimental study investigated the dynamic viscosity of a feedstock with a
wax—polyolefin binder. The results showed that the temperature dependence of its viscos-
ity depends on the following factors with variable power: thermal activation of the liquid
phase and the change in its volume fraction, including the change in the fraction of its
structurally free part. Thus, for feedstocks with a binder based on a mixture of polymers,
the change in viscosity with temperature occurs by different mechanisms based on their
relaxation spectra. For such blended multicomponent materials, the principle of temper-
ature—time superposition is not applicable, and the study of viscosity as an integral char-
acteristic of the relaxation spectrum of such materials should be exclusively experimental
in various shear rates and temperatures characteristic of injection molding technology.
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The temperature dependences of the dynamic viscosity and volume fraction of the
binder liquid phase in the compared feedstocks showed that the feedstock with the wax—
polyolefin binder may be processed at lower temperatures than the analog based on pol-
yoxymethylene. The determined no-flow temperature was T = 123 + 3 °C for the investi-
gated feedstock with the wax—polyolefin binder. Thus, when molding a green part from
the feedstock with a wax—polyolefin binder, the process of feeding and, accordingly, the
process of filling the cavity of the mold should occur before the feeder is cooled to the zero
free-flowing state of the feedstock. Fulfilling this condition makes it possible to maximally
compensate for the volumetric material shrinkage during cooling during the feeding and
compacting stages of the green casting part.

Under conditions of a standard atmosphere, the recommended temperature range
for molding the studied feedstock with the wax—polyolefin binder will be the interval from
165 °C to 185 °C when the feedstock viscosity is minimal and has the highest resistance to
temperature change (isostructural mode). Temperature increases above 185 °C for wax—
polyolefin-bonded feedstocks under normal atmospheric conditions will increase viscos-
ity because of wax degradation. The technological recommendations include the follow-
ing: the temperature of wax—polyolefin-bonded feedstocks in the injection molding ma-
chine should be between 170 °C and 185 °C, and the process of filling the mold cavity
when molding green parts from feedstocks with a wax—polyolefin binder should finish
before the molded feedstock cools below 150 °C, which should prevent the appearance of
weld lines in the molded green parts. The comparative analysis of flow curves of feed-
stocks of catalytic and solution-thermal types of debinding has shown that feedstocks
based on wax—polyolefin binders of the solution—thermal type of debinding have lower
viscosity, which is an advantage for molding thin-walled products. However, their differ-
ence of 1.5 times in exponent (greater sensitivity to the shear rate gradient) leads to their
lower resistance to “jets” and liquation of components because of shear rate gradients
when molding products with elements of various cross-section areas compared with feed-
stocks based on polyoxymethylene.
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