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Highlights
« This paper focuses on vertical stirred mill technology.
« Vertical stirred mill welding processes were investigated.
« The weld seam qualities were investigated by examining the weld seams made with the designed machine.

Article Info Abstract

Vertical stirred mills are widely used in the mining industry because they are more efficient than
Received: 17 Apr 2024 traditional drum mills. Vertical agitation grinders are used in secondary, regrinding, and fine
Accepted: 15 Jan 2025 grinding applications in the mining industry because of their energy efficiency, cost savings and

small footprint. The solid welding of the mixer leaves to the body plays an important role in terms
of wear, maintenance planning, and operating costs. The grinder must be resistant to the strains

Keywords during mixing and maintain its rigidity. In vertical mixer grinders, it is difficult to weld the screw
Vertical stirred mills leaves to the shaft in a helical manner. In this study, a Screw Welding Machine (WSM) was
Submerged arc welding designed to weld the vertical stirred grinder leaves to the body to meet this difficulty. In order to
Welding perform welds between adjacent leaves and corners, using a submerged arc welding machine, a

welding bench has been designed. Designed bench enable to connect seven different sizes of
vertical mixer grinders to WSM. Designed WSM compansate deformations caused bey weld
induced heat by changing part position and opposite side weld application. The designed bench
remains stationary during welding procedure. The weld seam qualities were investigated by
examining the weld seams made with the designed machine (spectral analysis, hardness
measurement, notch impact resistance, macro examination, and metallography examination).

1. INTRODUCTION

Vertical stirred mill technology has been preferred over ball heaters for the last 20 years because of its
superior energy efficiency [1-3]. Vertical stirred mills are recently widely used in many sectors such as the
mining industry [4]. Results of research studies about this process proven that this technology to be highly
energy efficient, for both of fine and coarse mixers with with greater opportunities for future optimization
[5-8]. As aresult, a need arises for reduced particle size processing that can facilitate the relase of valuable
minerals for post-concentration stages. In this context, additional power is required to achieve a finer grain
size. Therefore, grinding and regrinding applications are increasing in importance [9-12].

Nowadays the fact that vertical stirred mills are widely used in the mineral industry, the increasing variety
of models from different manufacturers, and the number of new units installed worldwide are evidence of
the increasing interest in these mills. With so many options available during the design phase of a faciliy,
choosing the most suitable mill for a particular application becoming more difficult than ever [13-14].

For secondary regrind, and fine grinding applications vertical stirred milling is a well-recognized
technology and is increasingly replacing coarser ball mill applications in the secondary and tertiary fields.
The driving force for this development is that higher energy efficiency can be achieved with vertical stirred mill
[15-17].
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When designing a vertical stirred mill, the work required from the mixer (mixing speed, capacity),
properties of the material to be mixed, work safety, economy, and efficiency can be considered as a whole.
Design should be carried out by determining the priority issues and taking care of all their effects. The
amount of ground is significant in the design of a quatity yield. More detailed studies on the material’s
grain size, grain geometry, material fluidity, material hardness, material compressibility, chemical
properties, and explosiveness of the material, and the development of experimental and empirical methods
play an important role in the design of screw mixers.

One of the parameters used in the manufacturing of mixer screws is the submerged arc welding method
used to weld the leaves to the shaft, shown in Figures 1 and 2 welding parameters are welding current, arc
voltage, wire advancement speed, welding speed and electrode protrusion. By choosing this parameters
correctly and with sensitivity, well appearance of weld seams can be achieved, in the submerged arc
welding method [18-22].

One of the methods developed for welding processes of materials with high wall thickness is the Submerged
Arc Welding method. In this method, the arc column and the weld seam are protected against external
factors by the effect of the powder charged from just in front of the welding torch or around the electrode
inside the torch during the welding process, and high heat input can be obtained by preventing heat loss. In
addition to high current application and energy efficiency, the formation of phases that cause embrittlement
can be prevented even at high current values due to the slow cooling provided as a result of both the powder
and the slag covering the weld seam.

Since the electrode of the same diameter used in this method is loaded with a higher welding current
compared to welding with normal covered electrode, a larger weld pool and deeper penetration are
achieved. Since the method is also suitable for semi-automatic and fully automatic welding applications, it
has found widespread use in industrialized countries as a modern welding application [23-28].
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Figure 2. Submerged arc welding chart
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Figure 3. Schematic of Tower and Vertical mill [29]

The tower and vertical mill consist of a vertically positioned body and rotating helical blades. In this type
of mixing mill, the movement of the material begins with the rotation of the helical wheel in the system.
Shown in Figures 3 tower and vertical mills are often used in closed circuit with small hydrocyclones for
regrinding in mineral processing applications. These mills provide limited grinding size (dso 20um) as they
use standard 12 mm media. Although the energy efficiency applied to the grains increases when using
smaller media, the use of media smaller than 12 mm causes a problem such as balls escaping from the top
of the mill during grinding [29, 30].

2. MATERIAL METHOD
2.1. Materials and Experimental Methods

In this study, test samples were made at Birikim Engineering Design Center in Ankara. Welding operations
were carried out on the Vertical Stirred Mill (VSM) Welding Bench, specially designed by the company,
and then test samples were prepared. In this designed machine, the same and double-sided welding of
screws was carried out automatically.

When the welding parameters are selected appropriately, error-free, and well appearance of weld seams can
be obtained. Because the arc takes place under the welding dust during the welding process, there is no
need to use a mask to protect from arc rays. No harmful metal dust or smoke is formed during welding.
Since its deep processing ability is good, it allows welding up to 16 mm thickness without opening narrow
and deep welding bevels and up to 30 mm thickness in double-sided welding. Although it is suitable for
semi-automatic and fully automatic applications, it can also be applied manually if desired [31-34].

In this study, the design of a submerged arc welding bench for welding mixer screw leaves to the shaft is
shown in Figure 4.

Figure 4. Weling process of spirals
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The cast leaves and wings produced for mixing screws have a uniform thickness. The screw is formed by
welding a sufficient number of profile blades onto the central shaft of the cast screw leaf [35-39]. The first
weld seam was made with a gas arc welding machine (MIG/MAG). Then, the welding parameters of the
submerged arc welding machine (welding current, arc voltage, wire advancement speed, and welding
speed) were determined, and the welding process was carried out. In this study, the parameters of a
submerged arc welding for welding mixer screw leaves to the shaft is shown in Table 1-5.

Table 1. Chemical composition of spindle and leaf material of S355 JR

Element content (%)

C S Al Si P \Y Cr Mn Ni Cu Mo

0.188 | 0.003 | 0.0273 | 0.2314 | 0.0051 | 0.00327 | 0.1571 | 1.053 | 0.0548 | 0.0575 | 0.0297

Table 2. Chemical composition of welding fluxes used in submerged arc welding machine

Material Chemical Composition (%)
SiOz IMnO |MgO |CaF; [Na2O |Al;O3 |CaO |TiO2|Metal alloy
FX860-25 19 | 11 17 12 2 32 | 2 | 2 [3max.

Table 3. Chemical analysis of the electrode used in the gas welding machine
Elektrot Chemical Composition (%)

C Mn Si P S Cr Ni Mo Cu Ti Al
AS SG3 | 0,080 | 1,690 | 0,970 | 0,013 | 0,012 | 0,040 | 0,050 | 0,010 | 0,190 | 0,001 | 0,007

Table 4. Chemical analysis of the electrode used in the submerged arc welding machine
Elektrot | Chemical Composition

Cc Mn Si P S Cr Ni Mo Cu
ASS2 | 0,095 | 0,900 | 0,080 | 0,011 | 0,012 | 0,037 | 0,025 | 0,017 | 0,190

Table 5. MAG and Submerged arc welding machine welding parameters

Paso number Method |Current | Voltage |Welding Speed | Wire Current | Welding Gas Heat
(A) V) (mm/min) diameter | type powder input
(mm) (KJ/mm)

1-2 (MIG/MAG) | 135 | 258-260| 28-29 |10,21/124-135 | 12 |DC(+)| M24 | 2,57-2,52

3-37 (SMAW) 121 520-570|27,5-27,6 200-380 4,0 DC(+) | FX860-25 | 2,26-2,48

38-68 (SMAW) 121 520-578| 27,6 200-240 4,0 DC(+) | FX860-25 | 3,59-4,79

2.2. Welding Processes

Vertical stirred mills are produced by spirally welding a cast steel sheet to the body of a shaft. Cast steel
sheets are prepared in desired dimensions for welding. The pitch is then marked on the shaft, and the
reference helix is drawn. The welding process of the leaves placed in this reference spiral begins on the
bench. In mixer screws, while the leaf is welded to the shaft, many welding seams are made on top of each
other. Since the first and second weld seams are made with MIG/MAG welding, most of the weld spatter
and slag are removed, but the weld is not ground (Figures 6 and 7). After the second welding seam, the
welding seams are made by the Submerged Arc Welding (SAW) method. A total of sixty-six welding seams
are applied, thirty-three from one side. After the welds are visually inspected, the parts with protrusions
and burrs deemed necessary are coarsely ground. This seam improves the appearance of the welds and
usually comes at no additional cost.
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Figure 6. Weld seams

2.3. Designed Welding Automation System

With the welding automation application, SAW (automation system in the submerged arc welding machine)
and all welding devices used in the production stages can be controlled on a single screen. Additionally,
the parameters used are reported and recorded. Thus, welding processes are no longer dependent on the
operator, and continuity in the production of VSM mixing screws of the same quality is ensured. In addition,
the operator cost, one of the highest costs in welding operations, has also been reduced. Figure 7 shows
motion sensor signals managed by PLC (programmable logic controller), rotation signals, and welding
parameters such as current, voltage, and wire speed on the welding automation control unit screen.
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T

Figure 7. Designed submerged arc welding machine apparatus

Touch screens were used in the system to facilitate operator use. Data collected from welding machines can
be displayed on operator screens. Thanks to the user management system, access and control to the
parameters of the welding machines are limited, ensuring that operators can only access the parameters
permitted by the administrator or service engineer. All parameters of the welding machine can be changed
on the operator screen and stored in tables in the PLC memory according to the specific product type and
number for later reuse. Welding quality is achieved by always maintaining a constant wire-weld metal
distance despite the high accuracy and repeatability capacity of the welding system and the oval weld metal
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shape. In the welding automation system, a closed camera and screen system allows the operator to monitor
the weld, especially in small-scale product production visually. Thus, it offers remote access and control of
the system. These cameras, used separately for internal and external welding, can be monitored on the
operator panel, and continuity in weld point tracking can be ensured by horizontal and vertical alignment.

2.4.Visual Inspection of Welded Plates (Sheets)

A visual inspection was carried out to detect superficial defects that may be seen after the welding process
in the welded connections where the test samples will be prepared. This inspection was based on
“ANSI/AWS D9.1-90 Sheet Metal Welding Code”. The seam height formed, the seams formed on the
seams, combustion grooves, spatters, seam root sagging, as well as the seam width and insufficient melting
areas that may occur at the root after welding were visually examined in detail, and it was observed that the
spatters and other issues were within the acceptable limits. It is given visually in Figure 6.

2.5. Test Sample Removal Principles

After the welding process, the samples were allowed to cool under normal cooling conditions as per the
relevant standards. Test samples in accordance with EN-288-3 were prepared according to the test plan
made from these plates that passed visual inspection. 25 mm sections from the beginning and end of the
welded plates were cut and discarded. In this way, errors that may occur at the beginning and end of the
weld are prevented.

Weld one side or both
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Figure 8. Dimensions and types of test assembly for fillet welds

Distribution plan of samples on the plate according to EN 288-3. All the dimensions are in mm, unless
otherwise indicated (Figure 8).

3. FINDINGS AND DISCUSSION
3.1. Spectral Analysis Experiment

The spectral analysis experiment was carried out in an environment with a temperature of 20+2 °C and
relative humidity of 50+30% in accordance with the ASTM E415 standard. Spectral analysis is an analysis
method used to determine the chemical components or elements of a material through light. Optical
Emission Spectrometry (OES) is a device that performs this type of analysis. The main purpose of OES is
to determine the elements contained in the material and their concentrations. This information is used to
control the quality of the material, analyze its composition, monitor metallurgical processes, and
characterize materials used in industrial production. OES is frequently used in industrial applications,
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especially metallurgy, metal foundries, steelmaking, aluminum and iron ore analysis, hot metal analysis,
and mass spectrometry. It is also widely used in chemical analysis, materials science, and metallurgical
research in research laboratories and universities.

Table 6. Samples
Sample No [Material type |Quality

P.1511W |Weld 5355J2
P.1511M |[Material S355J2

Table 7. Spectral analysis results
No A[%C  [%0Si* [%Mn* %P* [96S*  [26Cr* [%6Mo* %6Ni* [%Ar [26Cu* [JoNb  [9%6V* W  [%Pb  [%0Bi %Sb  |%B %N %Fe

P.1511
W

P.1511
M

A: number of measurements
“These elements are within the scope of TURKAK accreditation.

2 10.0612 (0.1695 {1.0308 |0.0289 (0.0142 (0.0337 |0.3825 0.0317 [0.0107 [0,0874 (0.0005 (0.0079[0.0032(0.0003 [0.0002 [<0.0004[0.0001 [0.0048 [98.1319

2 10.1440(0.0295|0.4371 |0.0154 (0.0146 (0.0453 |0.0046 [0.0231/0.0364 0.0445 (< 0.0002 0.0044 [0.0015 |< 0.0002 |< 0.0002 [< 0.0004 |< 0.0001 < 0.0004 [99.1981

If the values of one or two of the alloying elements such as Mn and Si in S355 JR steel do not exceed at
least 1,65% Mn and 0,60% Si and if the chemical composition does not require the presence of any other
alloying element in a certain amount, these steels are classified as carbon steels. It is used in the construction
and industrial sectors for making box profiles, bars and hot rolled industrial profiles (Table 6, 7).

3.2. Hardness Profile Test Report (Vickers Hardness Test according to TS EN 1SO 9015)

Micro Hardness Screening

Hardness screening is carried out on the samples taken from all welded joints with a Vicker hardness
measuring device (Instron Wolpert) along a line, as seen in Figure 9. While measuring hardness, the base

metal, heat-affected zone (HAZ), and weld metal values were taken by scanning double-sided, at as
symmetrical intervals as possible, according to the weld center line.

Hardness:1 Main Material HAZ Weld Metal HAZ Main Material

Point 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Series A-A 154 147 147 171 169 [210 196 [196 204 (166 |142 145 {142 143 [145

Series B-B 141 146 146 144 146 (158 181 [185 (190 208 [169 (160 (148 1146 (146

Series C-C 133 141 140 136 139 (168 187 191 P04 198 147 145 138 (135 (135
Figure 9. Hardness values (HV 10)

Figure 9 shows the microhardness values of S355JR connection combinations joined by SAW welding
method. The highest hardness values were measured in the weld metal and Heat Affected Zone (HAZ) in
Series A-A, in the weld metal and HAZ in Series B-B, and in the weld metal and HAZ in Series C-C.
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When the measured hardness values are examined, it is seen that there is not much difference between weld
metals and HAZs. In Series A-A, it was determined that the hardness value was highest in the HAZ. It can
be said that the higher hardness values of weld metal and HAZs than the main material are due to different
cooling rates after welding depending on the heat input during welding. Benedetti [34] joined S355JR
structural steel by welding and reported similar results in hardness tests.

The high hardness values detected in the weld seam region are seen to be due to the chemical structure of
the electrode. The high carbon content in the filler metal explains why the hardness value increases. Since
the carbon ratio in the composition of normal steel is generally (less than 0.2%), martensite does not form
in the heat affected zone (HAZ) during welding. Due to the lack of martensite formation, the metal in the
heat affected zone (HAZ) region increases to high temperature values and causes the formation of large
grains. The metal that cools after the high temperature will form an area with lower hardness and higher
strength.

3.3. Notch Impact Test Report according to TS EN I1SO 9016

Table 8. Notch impact test results according to TS EN 1SO 9016 (10x10x55mm)

No [Name| Location of the notch | KV-Pulse absorption energy (J) | Observed defects, type and dimensions
IT1|VWT welding 57,29 There is no discontinuity
IT2 | VWT welding 57,74 There is no discontinuity
IT3|VWT welding 51,40 There is no discontinuity

Figure 10. Samples subjected to notch testing

In the study, notch impact samples arranged in appropriate sizes were tested in pieces at -20 °C. The average
notch impact toughness of the welded drive was determined to be 55 J. According to the data in Table 8
and Figure 10, it has been determined that the welded joints are safe against dynamic stresses since the
broken fracture energy values are higher than the 27 J (-20 °C) value stipulated by the standard for energy
sources and weld metal [40-44].

3.4. Metallographic Examination

In order to get the most realistic results from all welded connections, the samples are generally selected to
represent the structure. After a visual inspection of the weld seams, a hand saw was used to prevent the
cutting-generated heat. After the surfaces of the cut samples were cleaned, cold embedding was performed
according to the sample sizes, and polyester was used in cold embedding. Then, the samples were polished,
and Alumina was used as an abrasive for fine polishing.
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After fine polishing with alumina, the etching process was started. During the etching process, all kinds of
acids and other residues were removed from the samples, immersed in 5% Nital and kept for 30-60 seconds
by washing them with alcohol. Then, it was dried thoroughly with a hot air blower (hair dryer). Internal
structure images of the test samples (Metal microscope and SEM) were taken. The macrostructure can be
seen in Figure 11.

Figure 11. Macro structure examination (Macro etchant: NITAL 5%)

The results of the macrostructure examination of the weld seam cross-section obtained from the macro
examination samples taken from the region of the welded plates specified in Figure 11 are given in Figure
3. Accordingly, it has been determined that there are no defects such as pores, slag residue, melting
deficiency, interpass melting deficiency or merging defect, burning groove, etc., and defects such as linear
misalignment, excessive weld metal according to TS EN 1SO 5817 standard are at acceptable levels even
in B class. Only laminar cracking caused by the production of the base material is observed.

3.5. Microstructure Examination

Figure 12. Main metal microstructure

Figure 12 shows that there are ferrite and pearlite phases in the structure of the main material. The black
regions in the microstructure represent pearlite, and the light regions represent ferrite. Due to the low carbon
content in the microstructure, the pearlite content is low. Accordingly, the ferrite content is high.
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Figure 13. Upper region HAZ (Heat Affected Zone) A-A section

As seen in Figures 13-15, the microstructure of the base metal is different from the microstructure of the
weld metal. The difference in the microstructure is not related to the chemical composition but to the
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different thermal histories of the base metal and the weld metals. It was determined that there were needle-
like and polygonal ferrite structures in the weld metal microstructures.

Acicular ferrite is formed by nucleation in the inner part of austenite grains. This structure formed by
nucleation increases the strength of the weld seam. In addition, the structure formed by this nucleation
increases the toughness of the weld seam. According to the research, acicular ferrite is formed as a fine-
grained structure. Due to the formation of the fine-grained structure, there is a decrease in cracks formed
by splitting.

The microstructure of the structural steel S355JR joined by submerged arc welding method is shown in
Figure 15. As seen in the microstructure, the light-colored parts show ferrite and the dark areas show
pearlite. In this microstructure, sufficient information can be obtained about the number of components in
the steel. This shows that the ferrite phase in the low carbon is high. On the other hand, the pearlite phase
is seen to be low. Akkas et al. determined that there is ferrite in the white colored parts according to the
0.09% carbon content in the microstructure of S235JR. They stated that pearlite is seen very little in the
darker areas in the microstructure [45-48].

Acicular ferrite is also characterized by high-angle boundaries between ferrite grains. This further reduces
the possibility of splitting because these boundaries prevent crack propagation. The nucleation of various
ferrite morphologies is reported to be aided by non-metallic inclusions. In particular, it has been described
that oxygen-rich inclusions of a certain type and size are associated with the intragranular formation of
acicular ferrite [49-52]. Polygonal ferrite is formed when austenite grains come together. It is seen that it
damages toughness because it is formed from austenite grains. Literature shows that polygonal ferrite is
formed as coarse ferrite islands within the previous austenite grains. Polygonal ferrite has been found to
damage toughness because it is formed from coarse grain size [53-59].

3.6. SEM Review

The appearance of the fractured surfaces resulting from the notch test, the structure of S355 JR steel, and
its continued exposure to ductile fracture due to its low carbon properties are separated in Figure 16.

C‘~ R g = N "?’-\ N n‘:.
Figure 16. Examination of the rupture surface

As described in literature studies, mechanical instability of the sample or void incorporation can lead to
fracture. First, voids nucleate in inclusions and then grow with the help of plasticity. When they finally
meet, a crack forms, and the material breaks. It is stated that ductile fracture occurs in the S355 J2 sample
subjected to plastic deformation [56-67].
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4. RESULTS AND RECOMMENDATIONS

In this study, the solution to the problems encountered while welding the leaves to the shaft in vertical
stirred mills screws was examined in detail, and a submerged arc welding bench was designed for this
purpose. With this design,

-Two-sided welding of the screw leaf to the shaft can be done sequentially. Thermal deformations caused
by one-sided welding have been controlled and eliminated.

-Welding operations, previously done by four operators, can now be done by one operator in a shorter time.
-A decrease in the cost of the welding process has been achieved by reducing the number of operators.
-All welding processes can be viewed and controlled on a single screen.

-Welding parameters are reported, recorded, and typified. Thus, uniformity and continuity in welded
production quality are ensured.

-Operator-related welding errors have been reduced.

-Continuity has been ensured in the production of the same high-quality VSM mixing screw.

The difference seen in the microstructure is not related to the chemical composition but to the different
thermal histories of the base metal and weld metals, and acicular and polygonal ferrite structures had been
detected in the weld metal microstructures of the samples. Acicular ferrite is formed by direct nucleation
on inclusions in the inner part of austenite grains and increases the strength and toughness of the weld
metal.

The image of the base material microstructure of S355J2 shows that there are ferrite and pearlite phases in
the base material structure. The black regions in the microstructure represent pearlite, and the light regions
represent ferrite. Due to the low carbon content in the microstructure, the pearlite content is low.
Accordingly, the ferrite content is high.

The average notch impact toughness of the welded connection was determined to be 55 J. It has been
determined that welded joints are safe against dynamic stresses since the fracture energy values are higher
than the 27 J (at -20 °C) value stipulated by the standard for position welds and weld metal.
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