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ABSTRACT

This study focuses on the development of optimized working elements for feed crushers, specifically articulated
hammer designs that efficiently process plant-based agricultural waste into feed for animals and poultry. The pri-
mary objective is to design small-sized feed crusher hammers that enhance comminution efficiency while reducing
material usage. Four hammer prototypes with varying sidewall inclination angles (15°, 30°, 45°, and 60°) were
developed and tested. Experimental results indicate a significant correlation between sidewall angle and hammer
mass, with the most substantial weight increase (13.5%) observed between 15° and 30°. Further increases to 45°
and 60° resulted in 5.3% and 1% mass gains, respectively. Grinding tests on corn grain revealed that hammers
with a 15° inclination provided superior particle size distribution, achieving 92.6% of particles under 3 mm and
only 7.4% in the 3—4 mm range. These findings suggest that lower sidewall angles yield more steady and finer
grinding performance. Moreover, geometric and surface area analysis confirmed that smaller angles contribute
to reduced metal consumption, with the novel hammer designs using up to 31% less material than conventional
rectangular hammers. The proposed designs present a promising approach to improving feed crusher efficiency
through geometry-based hammer optimization, aligning with sustainability and cost-reduction goals in agricultural
machinery development.

Keywords: articulated hammer, sidewall inclination angle, metal reduction, grinding performance, feed process-
ing, corn grain crushing.

INTRODUCTION

The compound feed industry is a branch that
uses agricultural products (for example, fodder
grain and fodder raw materials [1]) processed
manually or with the help of machines as raw
materials. One type of technological machine and
equipment that should be noted in feed mills is
crushers [2-5]. As it is known, in market econ-
omy conditions, small businesses and farming
are developing, and therefore, the demand for
small-sized agricultural machinery is increasing

442

significantly. At the same time, the working ele-
ments of feed mills are important in such small-
sized agricultural machinery [6].

Hammer crushers are important among dif-
ferent types of feed mills at combined feed mills
[7-8], the main working organs of which are
hinged and suspended hammers [9-11]. Among
the developed articulated-suspended hammers
are: rectangular hammers with smooth work-
ing surfaces [11-14]; V-shaped hammers with a
hammerhead inclination angle of 160° [15]; ham-
mers with side cutting edges covering one-third
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of the hammer length [16]; hammers with an
oblique bevel [17]; hammers with stepped cor-
ners [18-19]; hammers with five protrusions
[20]; ring hammers [21]; hammers with two in-
clined angles [22]; and hammers with sharp ends
on three upper and side sections [23]. Based on
this, it becomes evident that the development of
hinged-suspended hammers optimizes the con-
struction of working faces and surfaces, thereby
contributing to increased grinding efficiency.

The impact is accidental or purposeful during
the grinding process of fodder raw materials in
the hammer crusher. In the process of accidental
impact, crushed pieces at the moment of rebound
from the inner walls of the body of the hammer
crusher are accidentally exposed to the action
of instantaneous and destructive forces. The tar-
geted action of the articulated hammer primarily
influences the grinding process [25]. Therefore,
the purposeful destruction of fodder particles is
more important [26], and at the same time, it sig-
nificantly depends on the impact of hinged and
suspended hammers. Therefore, considerable at-
tention should be paid to the design and construc-
tion of new, more effective technical solutions to
meet the requirements for improving the grinding
process. The development of a small-sized con-
struction of hinged-suspended hammers of a fod-
der crusher implies a purposeful value for intensi-
fying the impact-destructive effect on the crushed
fodder raw material. Therefore, further research
in this area is considered highly relevant.

MATERIALS AND METHODS

The objects of research are the developed
constructions of hinged-suspended hammers used
in feed mills (Figure 1), the process of destroying
feed particles by impact, and the design of work-
ing surfaces of impact-destroying elements.

Designs of articulated-suspended hammers
for feed mills were developed using automated
application programs, including KOMPAS-3D
V22.0.0.1302 (ASCON JSC is a Russian compa-
ny specializing in the development of engineer-
ing software, headquartered in Saint Petersburg,
Russia) and AutoCAD 2025 (Autodesk, Inc. is
an American multinational company that devel-
ops software for design and engineering, with its
headquarters based in San Francisco, California,
USA). Grinding of fodder raw materials was car-
ried out in a hammer fodder crusher DIK-1.5. The

hammer’s length is @ = 96 mm, and the width is b
=48 mm. The thickness of the hammers is equal
to 4 mm. According to the recommendations,
hammers are made from alloyed, heat-treated,
wear-resistant steel 30KHCA (carbon content:
0.28-0.34%, manganese: 0.5-0.8%, silicon:
0.2-0.4%; tensile strength: up to 980 MPa, yield
strength: up to 780 MPa, relative elongation: up
to 15%). After such heat treatment, the hammer
has a hardness of 45 HRC. The blanks were ob-
tained from sheet steel material with a thickness
of 4 mm. The hammers are produced on a metal-
cutting laser machine with numerical program
control, a Bodor 6m 1.5 kW machine, using a
special computer program called CypCut. After
production, the hammers underwent heat treat-
ment to increase their hardness. Control and mea-
suring devices were used to control the produc-
tion of hammers, including clamps and calipers.
Hammers with different angles of inclination of
the sides were weighed using special electronic
scales, MW-300T. The number of rows of ham-
mers corresponded to kr = 2 pcs. The number of
hammers in one row corresponded to kmr = 9
pieces. The rotor shaft was directly driven by a
Kelet AIR100S4 electric motor (power: 1.5 kW)
at a rotation speed of n = 2830 rpm, with a rotor
diameter of 280 mm, a crushing chamber of 330
x 200 mm, and a nominal capacity of 150 kg/h.
Tests were conducted at different angles of in-
clination of the side walls of the hammers (15°,
30°, 45°, and 60°), which are hit by grinding feed
raw materials using a series of hammers. Stud-
ies of fine grinding of fodder grain were carried
out in a hammer crusher DIK-1.5 (Figure 2). The
experiment was conducted with a maximal linear
size of the fodder grain raw material, d = 8 mm,
which was loaded into the hopper hammer mill.
During the experimental tests and work, the series
of hammers was changed using a special remov-
able device. Figure 3 presents a photograph of the
assembled rotor with two axes of hammers with
angles of inclination of the sides of 60°.

The feed corn grain, watermelon seeds, and
feed wheat grain were ground according to the
specifications listed in Table 1. The experiments
were carried out in triplicate, and the average val-
ue was calculated.

The sizes of crushed particles are deter-
mined using sieve analysis, measuring instru-
ments, electronic scales MW-300T (measurement
range 0-300 g, accuracy = 0.01 g, manufactur-
er — MASSEBO, China), and a sieve (the holes
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Figure 1. Hammers with different angles of inclination of the sides

Figure 2. Hammer crusher DIK-1.5: a — overall view; b — grinding chamber

corresponded to the GOST 4403-77 standard,
with a hole diameter deviation of £0.05 mm). The
fractional composition of crushed particles was
carried out by the method of sieve analysis, which
involves sieving particles of fodder flour through
standard sieves with holes (1.0, 2.0, 3.55 mm), the
size of which decreases from top to bottom. Regu-
lation of the supply of raw materials in the lower
part of the input hopper of the feed mill was car-
ried out with the help of a control valve. Weigh-
ing of individual portions of raw material and feed
was carried out with natural moisture content at
room temperature. The size of the product coming
out of the crusher was limited using an inner sieve
with a diameter of holes of 4 mm.
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RESULTS AND DISCUSSION

As a result of our research, we have devel-
oped hammers with different angles of inclination
on the sides for fine grinding. For comparative
characteristics, hammers with different angles
of inclination of the sides of the hammers and
a serial flat rectangular hammer were made and
weighed. Table 2 presents the mass of the tested
hammers selected from each series.

A conclusion can be drawn from the work
conducted and the analysis of the studies in Ta-
ble 1. In particular, it is visible that an increase in
the angle of inclination of the side of the hammer
leads to an increase in the mass of the hammer,
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Figure 3. Rotor with two sets of hammers with angles
of inclination of 60° on both ends

i.e., The mass of the hammer with the angle of
inclination of side 15° is 90.19 g, the mass of the
hammer with the angle of inclination of side 30°
is 104.17 g, the mass of the hammer with the an-
gle of inclination of side 45° is 109.93 g, the ham-
mer with the angle of inclination of side 60° is the
mass of 111.04 g. It can be seen that a significant
increase in the hammer’s mass occurs when the
angle of inclination of the sides is changed from
15°to 30°, representing a 13.5% increase. The in-
crease in the hammer’s weight when changing the
angle of inclination of the sides from 30° to 45°
increased by 5.3%. The increase in the hammer’s
weight when changing the angle of inclination of
the sides from 45° to 60° was 1%. At the same
time, it should be noted that the above hammers
were designed with two hinged holes, which have
certain advantages regarding their service life.
Therefore, it is worth noting their lower weight

and lower metal content. For comparison, it can
be seen from Table 1 that the serial flat rectan-
gular hammer has a mass of 124.57 g, which is
noticeably heavier than the other hammer. Here,
it is worth noting that the feed mill has two axes,
each equipped with nine hammers, which accord-
ingly increases the mass of the set in the series
of hammers. Hammers are installed on the axis.
The axles are attached to the rotor. The grip is
mounted on the rotating shaft in the working area
of the forage grinder. Special importance should
be paid to the bushings, which are also installed
on the axis between the hammers. The fixation
of installed hammers and bushings to the axles is
achieved using rings.

The technical result is compact, small-sized
hammers of a hammer feed mill, which intensify
grinding performance.

The hammers of the hammer feed mill have
two holes on the longitudinal axis of symmetry
and working areas in the form of different angles
of inclination on all four surfaces of the hammer.
The hammers are hingedly suspended in one of
the holes using an axis inserted into the rotor,
which rotates on the rotor shaft of the feed mill. As
one side of the hammer wears out, the correspond-
ing hole for the hinged suspension must be repo-
sitioned or replaced. In hammer mills, the grind-
ing process involves the fodder grain entering
the chamber and being crushed through repeated
impacts — both with the rapidly rotating hammers
and with the deck or inner walls of the mill. This
interaction causes gradual wear, particularly at the
edges and sidewalls of the hammer heads. The
electric motor rotates the rotor shaft. The crushed

Table 1. Inclined face angle in a hammer with two hinged holes

Ne Names of various types of hammers Type of raw material to be crushed
1 A hammer with two hinged holes and an inclined face of 15° Forage corn grain

2 A hammer with two hinged holes and an inclined face of 30° Forage corn grain

3 A hammer with two hinged holes and an inclined face of 45° Forage corn grain, forage wheat grain
4 A hammer with two hinged holes and an inclined face of 60° Forage corn grain, watermelon seeds

Table 2. Weight of investigated hammers

Ne Names of various types of hammers Hammer weight, g
1 A hammer with two hinged holes and an inclined face of 15° 90.19
2 A hammer with two hinged holes and an inclined face of 30° 104.17
3 A hammer with two hinged holes and an inclined face of 45° 109.93
4 A hammer with two hinged holes and an inclined face of 60° 111.04
5 Hammer serial flat rectangular 124.57
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Figure 4. Histograms of the distribution of crushed particles of fodder raw material with the use of developed
hammers with different angles of inclination of the side face: a — corn grain hammers with side angles of 15°;
b — corn grain hammers with side angles of 30°; ¢ — corn grain hammers with side angles of 45°;

d — corn grain hammers with side angles of 60°; e — wheat grain with hammers with side angles of 45°;

f — fodder grain wheat with hammers with side angles of 60°

fodder product passes through the holes of the grid
of the output pipe of the hammer fodder crusher.
The hammer design includes working areas with
different angles of inclination on its sides. These
inclined surfaces create a shock-cutting effect on
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the crushed particles. As a result, the fodder par-
ticles are destroyed more efficiently, which in-
creases the grinding intensity of the hammer-type
crusher. The results of the sieve analysis were pre-
sented in histograms, as shown in Figure 4.
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The analysis and comparison of the construct-
ed histograms for grinding fodder corn grain (Fig-
ures 4a-d) showed that the use of hammers with
a 15° angle of inclination on the sides yielded the
best result in terms of grinding quality. In particu-
lar, the size of particles in the range of 3—4 mm was
7.4%, i.e., the lowest percentage compared to other
angles of the side of the hammer. At the same time,
the size of particles less than 3 mm was 92.6%.
The most significant result was achieved using
hammers with a 45° side angle, where particles in
the 3—4 mm range accounted for 11.5%, and those
smaller than 3 mm accounted for 88.5%. Even less
significant was the use of hammers with a side
angle of 60°; specifically, particles in the range
of 3—4 mm made up 14%, while particles smaller
than 3 mm made up 86%. The last one used ham-
mers with an angle of inclination of the side ham-
mer of 30° i.e., the size of particles in the range
of 3—4 mm was 18%, and the size of particles less
than 3 mm was 82%. In addition to the above, it
should be noted that the preferred size of fodder
particles for farm birds is 2-3 mm and less than 1
mm for chickens. However, using hammers with
different angles of inclination of the sides dem-
onstrated a fairly effective distribution of crushed
particles. They also conducted several experiments
comparing the distribution of crushed particles of
different fodder raw materials. In particular, Figure
4e shows a histogram of the distribution of crushed
fodder wheat particles using hammers with a 45°
side angle. Here, the size of particles in the range
of 3—4 mm made up 1.3%, the size of particles in
the range of 2-3 mm made up 69%, the size of par-
ticles in the range of 1-2 mm made up 25%, and
the size of particles less than 1 mm made up 4.7%.
Here, it can be concluded that compared with the
grinding of fodder corn grains, fodder wheat grain
was smaller; therefore, the distribution of crushed
particles was smoother. Additionally, it can be re-
lated to the hardness of the fodder. Regarding the
conclusions on hardness, we experimented with
grinding more solid raw materials, such as water-
melon seeds, which also have a more flat shape.
Figure 4f presents a histogram of the distribution
of the crushed particles of watermelon seeds with
hammers with an angle of inclination of the sides
of 60°. Here it is seen that the size of particles in
the range of 3—4 mm made up 34.5%, the size of
particles in the range of 2-3 mm made up 32.5%,
the size of particles in the range of 1-2 mm made
up 19.5%, and the size of particles less than 1 mm
made up 13.5%.

Thus, the test results showed that the grinding
performance depends on the angle of inclination
of'the hammers’ sides. The distribution of particles
by size due to grinding with hammers at a smaller
angle of inclination of the sides was steadier, and
its productivity in the distribution of crushed par-
ticles was higher than that of hammers with large
angles of inclination. Therefore, it is worth noting
that the hammer’s average geometric volume and
specific surface area with a smaller inclination
angle have a lower metal capacity.

The working surfaces of the hammers are the
impact-destructive angles of the sides of the ham-
mers. It should be noted that the design with two
hinged holes allows four options for attaching the
hammer during its service life. This means that
two holes allow up to four working edges versus
two on a hammer with one hole. Moreover, it is
worth noting the decrease in the hammer’s mass.

Figure 5-7 shows the pictures of the results of
a sieve analysis of ground corn, wheat, and water-
melon seeds.

Acomparison of the research results presented
in Figures 5-7 reveals that grinding watermelon
seeds is less effective than grinding fodder corn
and wheat grain, which is directly related to the
properties and characteristics of the raw materials.

Each series of hammers was weighed using a
different angle of inclination on the sides of the
hammers to determine the weight of the designed
hammers. At the same time, the mass values of
each hammer were determined separately and in-
cluded in the set of hammer series (Table 3).

Each series of hammers included 18 indi-
vidually manufactured samples with identical
geometric dimensions, differing only in the an-
gle of inclination of the side face (15°, 30°, 45°,
60°, as well as a flat control series). The mass
of the hammers was determined with an error of
+ 0.01 g. To reduce the statistical data, Table 2
presents the calculated values that were obtained
for each series by calculating the arithmetic mean
and standard deviation.

Thus, in the series with an angle of 15°, the
hammer weight varied from 89.92 g to 91.26 g.
The calculation yielded an average weight of
90.60 g and a standard deviation of + 0.36 g, in-
dicating high precision and stability in the pro-
duction process. For comparison, in the control
series of rectangular hammers, the spread was
from 123.57 g to 130.31 g, with an average
weight of 127.55 g and a standard deviation of
+1.76 g, indicating greater variability due to both
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Figure 5. Photo of the results of the sieve analysis of the crushed grain corn

Figure 6. Photo of the results of the sieve analysis of the crushed wheat grain

the design and the higher metal content. The ob-
tained values confirm the stability of the techno-
logical process (laser cutting and heat treatment)
in the manufacture of hammers.

It is enough to use working bodies with light-
er-weight hammers for fine grinding. Therefore,
in our studies, metal-intensive hammers were
developed and tested to reduce the metal mass of
the hammers at the angles of the hammer faces.
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As a result of the conducted research, it is worth
noting that the crushed particles, as indicated
in the histograms in Figure 4, correspond to the
sizes of particles suitable for feeding agricultur-
al animals and birds [27]. At the same time, for
large cattle, the size of the particles of crushed
grain should be no more than 4 mm [28], which
we obtained during experimental work. To com-
pare the obtained research results, it is worth
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Figure 7. Photo of the results of the sieve analysis of ground watermelon seeds

Table 3. Average weight and standard deviation of different hammer series

Ne Hammer series (Side angle) Mean weight, g Standard deviation, g
1 15° 90.60 +0.36
2 30° 104.85 +0.57
3 45° 109.74 +0.45
4 60° 111.65 +0.47
5 A series of flat rectangular hammers 127.55 +1.76

noting that flat rectangular hammers [29-31]
are significantly inferior in weight to developed
hammers with inclined faces, as we have ex-
perimentally proven. Therefore, the developed
designs of hammers with different angles of
inclination of the hammer sides are less metal-
consuming and quite effective.

CONCLUSIONS

In scientific research, several small designs
of hinged-suspended hammers of feed mills were
developed, constructed, and tested. In particular,
hammers with an angle of inclination of the sides
of 15°, 30°, 45°, and 60° of the shock-scaling
type. Experimental results indicate a significant
correlation between the angle of inclination of the
side wall and the weight of the hammer, and the
most significant increase in weight (13.5%) was
observed between 15° and 30°. A further increase
to 45° and 60° resulted in mass increases of 5.3%
and 1%, respectively.

Comparative results of the mass of hammers
showed that the hammers with a side angle of 15°
had the lowest mass, followed by those with a side
angle of 30°, then those with a side angle of 45°,
and finally those with a side angle of 60°, which
were considered heavier. Here, the design with
two hinge holes contributes to weight reduction.
Regarding serial rectangular hammers and devel-
oped hammers, a noticeable difference in mass
can be affirmatively noted. Tests on grinding corn
grain showed that hammers with an inclination
of 15° provide an excellent distribution of parti-
cle sizes, with 92.6% of particles measuring less
than 3 mm and only 7.4% in the range of 3—4 mm.
These results indicate that smaller sidewall angles
yield steadier and finer grinding. At the same time,
the developed hammers are less metal-consump-
tive and make a difference of up to 31% compared
to serial rectangular hammers. As a result of the
conducted research, we cannot exclude the pos-
sibility that a decrease in the mass of the ham-
mers causes better fragmentation, since the con-
tact surface area of the crushed raw material with
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the hammers increases due to an increase in the
cutting edges, which contributes to the impact-
cutting effect. The developed hammers were suc-
cessfully tested in the laboratories and workshops
of the Technical Faculty at the Kazakh Agrotech-
nical Research University named after Saken Sei-
fullin. Therefore, the developed constructions of
hammers with different angles of inclination of the
sides of the hammer are less metal-consumptive
and can be successfully used in hammer crushers
at compound feed plants.
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