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ABSTRACT  

Mechanical behaviour of fired bricks containing varied amount of fine sand (FS) and waste glass powder (GP) was investigated. FS 

and GP were added to bricks at varied amount of 0, 5, 10, 15, 20, 25, 30, 35 and 40 wt. %. Firing was done at 1200 oC and samples 

produced were evaluated for compressive and flexural strengths while microstructural analyses of 25 wt. % FS and GP-clay bricks 

were examined. Results showed that compressive strength was highest at 30 wt. % GP for GP-bricks while for FS-clay bricks, 

compressive strength rose to 11.4 and 12.8, at 35 and 40 wt. % FS addition.  Flexural strength for GP-clay and FS-clay bricks 

peaked at 30 wt. % GP (3.63 MPa) and 40 wt. % FS (2.45) respectively. Flexural modulus increased progressively and exponential-

ly as FS and GP proportion increased. Work done in resisting deformation and deflection during bending reduced with increased 

amount in both additives. Flexural strain was inversely related to load and stiffness. In conclusion, addition of GP and FS in increas-

ing amount resulted in improved mechanical properties in the bricks. Also, increased proportion of GP and FS was found to im-

prove response to loading in fired bricks. 
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INTRODUCTION 

 
Ceramics are inorganic materials made of metal and non-metal 

compounds and are composed of silica, alumina, magnesia, 

zirconia, and other compounds. Properties of these materials 

include resistance to corrosion and chemical attack due to their 

inert nature, poor conduction of heat and electricity and high 

compressive strength. They are also hard, brittle and heavy 

with poor tensile properties [1-3]. Fired clay are ceramics 

which are made hard by firing, while unfired clay ceramics are 

made hard by sun drying or oven drying. Concrete or cement 

bricks are a form of ceramic products which are made strong 

by the addition of cement followed by further curing [4]. Oven 

drying is done on green ceramic body at 110 oC for water 

removal and decomposition of some organic elements present. 

Firing process involves exposure of ceramic body to high 

temperature for a period of time to enhance hardness, strength 

and other properties [5-7]. The process of sintering enhances 

bond within particles leading to improved properties [8]. Firing 

of clay is undergone in the production of potteries, wares, roof 

tiles and bricks. Properties of fired bricks include porosity, 

shrinkage, density, and strength. Clay in its raw form is porous 

which affects strength and density in the sense that higher 

porosity leads to reduced strength [7, 9]. For structural applica-

tion, reduced porosity in bricks is necessary in order to ensure 

structural integrity of buildings. Reduced porosity in bricks 

results in reduced inter particle distance leading to enhanced 

bond between particles [10].  The process of reducing porosity 

in fired clay body involves the incorporation of additives like 

waste glass powder/shavings, eggshell powder, silica nano 

particles [11] and other additives. Adding of eggshell as bio-

fillers to fired clay bricks [12] was noted to produce fired 

bricks of high compressive strength and hardness, good ther-

mal expansion coefficient and lower water absorption at 25 wt. 

% eggshell powder addition. Addition of waste glass, was 

recorded to reduce porosity and water absorption while in-

creased compressive strength was noted, when waste glass 

powder was added in increasing proportion of 0, 10, 20, 30, 

and 40 wt.% [13,14].  In this study, waste glass powder and 

fine sand were added to fired bricks and comparison was made 

on mechanical behaviour of such bricks at varied proportion 

addition; for application in masonry. 

 

MATERIAL AND METHODS 
 

Materials Preparation 

Materials used include sand, glass bottles and clay. The sand 

was obtained from a stream; washed and sun dried for 3 days.  

Clay used was excavated from a depth of 1.5 m in a borrow pit 

in Aule, Ondo State, Nigeria. Water was added to the clay, 

stirred and left undisturbed for two days. The water was poured 

off leaving behind the clay. Fresh water was added, stirred and 

left undisturbed for another two days and the water was poured 

off while the left over clay was spread in a cotton material and 

allowed to sun dry for 7 days. Dried clay lumps were broken 

into smaller pieces, followed by crushing and milling. Waste 
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glass bottles (bottles of soft drinks and alcoholic drinks) were 

bought from a shop where waste glass products were sold for 

recycling. The bottles were washed and sun dried for one day 

followed by crushing and milling before sieving. The sand, 

waste glass and milled clay were sieved using an electric sieve 

shaker (Model RX 29) which top sieve has an aperture of 4750 

µm. Clay (sieved to 300 µm), glass powder (GP) and fine sand 

(FS) which were sieved to -150 µm were collected and used for 

sample preparation. 

 

Sample Preparation 

Two groups of samples were prepared: fine sand-clay (FS-clay 

bricks) samples and glass powder-clay (GP-clay bricks) 

samples. FS-clay brick samples contained sand at varying 

proportion of 0, 5, 10, 15, 20, 25, 30, 35 and 40 wt. % of fine 

sand while GP-clay bricks samples contained the same varying 

proportion of GP (Table 1). Clay was mixed with water and the 

additives in a mechanical mixer and the slurry moulded into 

shape using compression moulding machine at 10 MPa. Water 

was added during mixture at water to clay ratio of 7:20. The 

green bricks produced were left undisturbed for 24 hours after 

which they were oven dried for 12 hours at a temperature of 

110 oC in order to remove moisture and other volatile content. 

This was followed by firing in an electric furnace at 5 oC/min 

until 1200 oC was attained. The temperature was maintained 

for 4 hours before allowing samples to cool to room tempera-

ture in the furnace. Bricks 150 mm × 150 mm × 150 mm and 

400 mm x 100 mm x 100 mm were produced for this study. 

 

Table 1 Composition of samples 
FS/GP 0 5 10 15 20 25 30 35 40 

Clay 100 95 90 85 80 75 70 65 60 

 

Preliminary test on materials used 

Tests were carried out to examine the specific gravity, bulk 

density and moisture content of sand and clay (in as received 

condition) as well as glass powder (after sieving) in line with 

existing procedure stated in Table 2. Sieving was done out on 

the materials used as per [15,16]. Also, chemical composition 

of the materials were analysed and the results presented in 

Table 4. 

 

Tests on brick samples 

 

Compressive strength   

Compressive strength test was carried out on each sample to 

determine its load bearing capacity in line with [17] procedure. 

The brick samples (150 mm × 150 mm × 150 mm) were 

initially oven dried at 110 oC until a constant mass was attained 

and tested using a universal testing machine (TBTUTM-600). 

The samples were placed flat horizontally between the plates of 

the machine and a load of 10 kg/min was applied. The maxi-

mum load at failure was recorded and the compressive strength 

calculated using the expression in Equation 1. 

Compressive strength (MPa) = 
Maximum load at fracture

Cross sectional area
      (1.) 

 

Flexural strength  

This strength evaluates the ability of bricks to resist defor-

mation by bending and was carried out on samples (400 mm x 

100 mm x 100 mm) immediately after cooling to room temper-

ature. The test was done in line with [18] with a loading rate of 

15 kg/min and the result evaluated using Equation (2). 

 

Flexural strength (MPa) = 3Fh/2bd2                  (2.) 

Where F is the maximum load at fracture, h is the length of the 

support plan/length between supports; b is the width of the 

sample, d is the thickness/depth of the sample. 

RESULTS AND DISCUSSION 
 

Physical properties and chemical composition 

Table 2 showed the physical properties of materials used which 

was in consistent with works reported by [19-21].  

 

Table 2 Physical Properties of Materials Used 

Properties GP FS Clay 

Specific gravity 2.75 2.67 2.61 

Bulk density 2.01 g/cm3 1.73 g/cm3 1.58 g/cm3 

Moisture 

Content 
- 4.2% 26.2% 

Fineness 

Modulus 
1.27 1.65 1.67 

 

 
Fig. 1 Particle size distribution of GP, FS and Clay 

 

Table 3 Chemical Composition of materials used (X-ray 

Fluorescence result) 
Constituents GP (%) FS (%) Clay (%) 

SiO2 71.8 78.3 60.1 

Al2O3 2.5 8.8 25.1 

Fe2O3 0.9 1.4 7.4 

CaO 10.3 2.3 1.1 

MgO 2.7 0.2 1.3 

Na2O 6.8 3.3 0.6 

Others 3.6 3.0 0.3 

Loss on ignition 1.4 2.7 4.1 

 

The specific gravity of GP, FS and Clay used were evaluated to 

be 2.75, 2.67, and 2.61 respectively while bulk density was 

obtained as 2.01g/cm3, 1.73 g/cm3 and 1.58 g/cm3. Results of 

the moisture content showed that clay in its raw state had 

moisture content of 26.2 wt. %, while fine sand had 4.2 wt. % 

moisture content. The finest of the materials was GP which had 

modulus of 1.27 falling in grading zone 2 as per [19]. From the 

results of the particle size distribution, 68.7 wt. % of GP lie 

below 300 µm sieve fraction. Based on the result on fineness 

modulus for FS (Fineness modulus of 1.65), FS falls under the 

classification of fine sand as per [19]. FS can be classified 

under grade 2 sand [20] indicating moderate fineness. 45.2 wt. 

% of the sand was retained below 150 µm. Clay has fine 

modulus of 1.75, with 46.3 wt. % retained on 150 µm. Table 3 

highlights the chemical composition of materials used. Silica 

content is higher in the materials and from evaluation made 

70% of the mix materials has silica content.  
 

Analysis of mechanical behaviour of bricks 

Compressive strength of brick samples 

The plot showing the effect of compositions on compressive 

strength of samples is as shown in Fig. 2. 
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Fig.  2 Effect of compositions on compressive strength of 

samples 

 

Compressive strength reduced from 7.4 MPa at 0 wt. % FS 

addition to 6.5 MPa at 5 wt. % FS addition (Fig. 2). It further 

reduced to 6.1 MPa at 10 wt. % addition which may be due to 

lower level of bonding between particles. This may be attribut-

ed to the lower adhesion between sand and clay particles due to 

the loose non plastic nature of sand (loose nature) and inability 

of sand to meet up with initial adequate bonding volume (Vi) 

for additives in the bricks, leading to lower level of compac-

tion. At ≥15 wt. % FS addition, compressive strength increased 

progressively. At 25 wt. % content of FS, compressive strength 

increased by 33.3% to 10.8 MPa, and with further addition, it 

increased by 14.81%  at 30 wt. % content of FS. The value 

remained constant at 35 and 40 wt. % addition but with re-

duced increment of 3.2%. Addition of ≥15 wt. % FS to clay 

resulted in enhancement of compressive strengths owing to 

ability of sand particles to fill in pores resulting in enhanced 

fusion and compactment.  

At 5 wt. % glass powder (GP) addition, compressive strength 

rose to 8.2 MPa. As GP proportion increased, compressive 

strength increased further due to enhanced cohesion and 

compactment within the clay body. In addition, increased glass 

phase formed, further compliment the strong bond achieved 

thereby leading to increase in compressive strength. Compres-

sive strength got to a peak of 14.5 MPa at 30 wt. % GP before 

declining at 35 wt. % and 40 wt. %. The results obtained in this 

present study can be compared with results recorded in [13,15] 

and [22] in terms of proportion of waste glass where maximum 

compressive strength was attained. According to [15] where 

900 oC was employed in firing, maximum compressive 

strength was attained at 50 wt. % waste glass powder addition, 

though in present study, maximum strength was recorded at 30 

wt. % GP. Authors [23] reported on fired clay samples at 1100 
oC and a maximum compressive strength was recorded at 40 

wt. % added content of milled glass (sieved to -100 µm) and 

further addition resulted in reduced strength. However, report 

from [13] attained maximum compressive strength at 1000 oC 

for 40 wt. % of waste glass (sieved to -150 µm) while at 1100 
oC, maximum compressive strength was attained at 30 wt. % 

addition of waste glass. Further increase in waste glass content 

resulted in reduction in compressive strength. As waste glass 

proportion increased in the samples, there was increased glassy 

phase. However, as this glass phases expands, brittleness 

increased [13]. This explains the reduction in compressive 

strength beyond some certain proportion of waste glass addi-

tion. It can be deduced that when attaining ≥30 wt. % of waste 

glass powder, compressive strength reduces, though depends 

on firing temperature and sieve fraction of glass powder.  

 

Flexural strength 

Representative plot showing the effect of compositions on 

flexural strength of samples is shown in Fig 3. 

 

 
Fig. 3 Effect of compositions on flexural strength of samples 

 

From Fig. 3, flexural strength increased progressively from 

1.05 MPa at 0 wt. % of FS addition to 2.45 MPa at 35 and 40 

wt. % of FS due to strong bond between sand-clay particles as 

a result of enhanced fusion. For samples with GP addition, 

flexural strength climaxed at 30 wt. % GP (2.63 MPa) and at 

further addition of GP, the strength declined in value due to the 

brittle glassy nature exhibited in bricks. Samples containing 

between 20 to 40 wt. % of both sand and glass powder met 

standard [24,25] for masonry bricks.   

 

Flexural modulus and strain 

Further analysis involves evaluation of flexural modulus. The 

deflection exhibited during the test for flexural strength was 

measured and recorded and the flexural strain evaluated using 

Equation (3).   

 

Flexural strain (α) = 6dt/L2                (3.) 

 

Where d was the recorded deflection (mm), t was thickness of 

sample and L is the distance between two supports. Flexural 

Modulus (GPa) was evaluated as flexural strength divided by 

flexural strain, while work done in resisting deformation during 

deflection (Nm) was evaluated by multiplying maximum load 

at failure (N) by deflection (mm).  

Table 4 shows the average deflection, work done and flexural 

Modulus for Fine Sand (FS). Table 5 shows the average 

deflection, work done and flexural Modulus for Glass Powder 

(GP). 

 

 

Table 4 Average deflection, work done and flexural Modulus for Fine Sand (FS) 
Fine sand 

(wt. %) 

Maximum 

load at 

Failure (N) 

Average 

deflection 

(mm) 

Flexural 

Strength (FS) 

(MPa) 

Flexural 

Stiffness  

(x 10-3 N/m) 

Flexural 

strain (α) 

Work done 

(x 10-3 Nm) 

Flexural 

Modulus 

(GPa) 

0 17.96 0.80 1.05 22.45 0.0120 14.37 0.0875 

5 20.69 0.62 1.21 33.37 0.0093 12.83 0.1300 

10 22.40 0.44 1.31 50.90 0.0066 9.86 0.1985 

15 31.12 0.35 1.82 88.91 0.0053 10.90 0.3434 

20 35.91 0.31 2.10 115.84 0.0047 11.13 0.4468 

25 38.13 0.22 2.23 173.32 0.0033 8.39 0.6758 

30 39.50 0.14 2.31 282.14 0.0021 5.53 1.1000 

35 41.38 0.09 2.42 459.78 0.0014 3.72 1.7285 

40 41.90 0.07 2.45 598.57 0.0011 2.93 2.2273 



Adediran et al. in Acta Metallurgica Slovaca 

 

 DOI: 10.36547/ams.27.1.622  7 

Table 5   Average deflection, work done and flexural Modulus for Glass Powder (GP) 
Glass 

Powder (wt. 

%) 

Maximum 

Load at 

Failure (N) 

Average 

deflection 

(mm) 

Flexural 

Strength (FS) 

(MPa) 

Flexural 

Stiffness  

(x 10-3 N/m) 

Flexural 

strain (α) 

Work done 

(x 10-3 Nm) 

Flexural 

Modulus  

(GPa) 

0 17.96 0.71 1.05 25.30 0.0110 12.75 0.0955 

5 21.20 0.54 1.24 39.26 0.0081 11.45 0.1296 

10 25.14 0.42 1.47 59.86 0.0063 10.56 0.2333 

15 30.61 0.28 1.79 109.32 0.0041 8.57 0.4366 

20 42.75 0.22 2.50 194.32 0.0033 9.41 0.7576 

25 44.63 0.12 2.61 371.92 0.0018 5.36 1.4500 

30 44.97 0.06 2.63 749.50 0.0009 2.70 2.9222 

35 39.50 0.04 2.31 987.50 0.0006 1.58 3.8500 

40 37.11 0.03 2.17 1237.00 0.0004 1.11 5.4250 

 

Effects of composition on flexural modulus and flexural 

stiffness of samples 

Representative trend showing variations in Flexural modulus 

Fig 4(a) and flexural stiffness Fig 4(b) at increasing Glass 

powder and Fine sand content. 

 

 
Fig. 4 (a) Showing Flexural modulus 

 

 

Fig.4 (b) Showing Flexural stiffness 

As glass powder and sand content increased, flexural modulus 

increased (Fig. 4a), average deflection decreased leading to 

continuous decrease in strain. This resulted into progressive 

increase in flexural modulus, indicating increase in stiffness as 

glass powder and sand content amount increased.  The strong 

bond formed between particles of clay and fine sand amounted 

to increased stiffness and rigidity. Increased compactment and 

strong adhesion between GP-clay bricks particles further 

enhanced resistance to bending in samples with GP. The strong 

glassy phase formed in samples containing GP further en-

hanced the resistance to deflection in GP-clay bricks samples, 

leading to high degree of flexural modulus compared with FS-

clay samples. Flexural moduli for both samples (GP-clay and 

FS-clay bricks) were almost the same from 0 wt. % of to 15 wt. 

% addition  of the additives.  However,  at  20%  addition,  the  

 

difference was becoming clearer. Between 20 wt. % and 25 wt. 

% addition of GP, there was a large increment of almost 91% 

in flexural modulus of GP-clay bricks compared to 51% in FS-

clay bricks. As the content of the additives increased to 30, 35 

and 40 wt. %, progressive increase in flexural modulus was 

101%, 32% and 41% respectively for GP-Clay bricks, while in 

the case of FS-clay bricks, the progressive increase was 62%, 

32% and 26% respectively. The flexural modulus- curve was 

exponential and progressive for GP-clay bricks and FS-clay 

bricks. Percentage increment of flexural modulus, in GP-clay 

was much higher than that of FS-sand, as a result of increased 

strong glass phase formed in the samples as GP content in-

creased, which further complemented the bond formed between 

GP and clay particles. From the Fig. 4a, addition of ≥ 25% of 

both additives resulted in significant resistance to bending in 

bricks. Flexural stiffness (Fig. 4b) also followed the same trend 

for both FS and GP-clay bricks in that at 20 wt. % content of 

the additives, stiffness increased exponentially. 

 

Effect of composition on work done during bending 

Fig. 5 shows the downward movement of the work done in 

resisting deflection at maximum load application for both GP-

clay and FS-clay bricks. This is attributed to increased re-

sistance to deflection in the samples as content of both GP and 

FS were increasing. The additives were effective in the reduc-

tion of work done in resisting deflection. Work done in GP-

clay bricks is lower than that of FS-clay bricks except at 10 wt. 

% of the additives where it’s vice versa. This implies that as 

additives increased in the sample, the work done against load 

applied in causing deflection reduced, indicating high re-

sistance to deflection. Comparing the two forms of bricks, 

work done against load in GP-clay bricks is lower than that of 

FS-clay bricks for each mix proportion (except for 10 wt. %), 

indicating, there is higher resistance to load in GP-clay bricks 

than in FS-clay bricks. 

 

 
Fig. 5 Variation in work done in bricks during bending test 

 

Flexural strain against maximum load at failure for brick 

samples 

The strain-load curve in Fig. 6(a) shows the decrease in strain 

at failure as maximum load increased. For load between 18 N 

and 42 N, the strain ranged between 0.004 and 0.011 for FS-

clay bricks.  At higher FS proportion of ≥ 25 wt. %, increment 
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in load applied was lower compared to compositions below 30 

wt. % which also resulted into lower reduction in strain experi-

enced at ≥ 25 wt. % FS addition owing to increased compact-

ment in the samples. As load applied lied between 17 and 45 N, 

strain at failure was reducing (Fig. 6(b)). There was a 20% 

reduction in strain between 15 wt. % of GP and 20 wt. % of GP 

with a corresponding 4.4% increase in load to failure.  At ≥ 20 

wt. % GP, there was shrinkage in strain which resulted into 

corresponding lower percentage increase in maximum load to 

fracture for samples. 

 

 
Fig. 6 (a) Plot showing the curve of strain at failure against 

maximum load at failure for FS-clay bricks 

 

 
Fig. 6 (b) Plot showing the curve of strain at failure against 

maximum load at failure for GP-clay bricks 

 

Generally, with increased load, strain at fracture reduced for 

both forms of bricks, due to reduced work done in resisting 

deflection as FS and GP contents increased in the samples. In 

Fig. 6b, highest load was recorded at 30 wt. % of GP with a 

resulting strain of 0.009.  At 35 and 40 wt. % of GP, strain 

further reduced to 0.006 and 0.004 respectively, which was a 

further reduction of 33.3 and 55.6 % respectively, owing to 

higher value of stiffness. 

 

Flexural strain against stiffness for brick samples 

The representative plots showing the flexural strain against 

flexural stiffness for FS-clay bricks and GP bricks are as shown 

in Fig. 7 (a) and (b) respectively. 

From Fig. 7 (a) and (b), flexural strain reduced with increased 

stiffness for both type of bricks. This is due to increased 

strength induced as composition of FS and GP increased in 

samples. Flexural strain was higher in FS-clay bricks than GP-

clay bricks, while flexural stiffness was higher in GP-bricks 

than FS bricks. This can be attributed to the fineness of GP, 

with fineness modulus of 1.50, which is lower than that of sand 

(fineness modulus of 2.26). A finer particle of additive contrib-

utes to strength improvement in bricks [13]. 

 

 
Fig. 7 (a) Plot of flexural strain against flexural stiffness for 

FS-clay bricks 

 

 
Fig. 7 (b) Plot of flexural strain against flexural stiffness for 

GP-clay bricks 

 

 

Microstructural response 

The representative morphological images for samples at 0 

wt.% FS/GP, 25 wt.% FS and 25 wt.% GP are as shown in Fig. 

8(a), (b) and (c) respectively. 

Fig 8 (a) highlights the SEM image of brick sample with 0% 

GP/FS addition. Large amount of pores are observed when 

compared with bricks containing FS and GP.  This explains the 

reason for lower compressive and flexural strength in sample 

with 0% GP/FS-clay bricks when compared with 25 wt. % FS-

clay bricks and 25 wt. % GP-clay bricks. Fig. 8(b) shows 

image of 25 wt. % of FS-Clay bricks with few pores present. 

The sand particles infused into the clay leading to reduction of 

pores. This explains reason for higher strength in FS-bricks 

when compared with 0 wt. % GP/FS sample.  In the case of 25 

wt. % GP addition (Fig. 8c), porosity reduced and there is 

presence of glass luster as a result of glassy phase formed. The 

bond between GP and clay particles and the strong glassy 
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phase resulted into improved and higher strength in GP-bricks 

than FS-bricks. 

 

 

 
Fig. 8 Showing the SEM images of samples at (a) 0 wt.% 

FS/GP (b) 25 wt.% FS (c) 25 wt.% GP 

CONCLUSIONS 

Fine sand and glass powder were added to fired bricks at varied 

proportion of 5 wt. % to 40 wt. %, and it was concluded that 

the incorporation of the two additives enhanced the compres-

sive and flexural strengths, and mechanical response to load-

ing. Addition of glass powder up to 30 wt. % gave maximum 

compressive and flexural strengths; further addition may result 

in reduction in the strengths. Addition of fine sand sieved to -

150 µm at ≥ 15 wt. %, improved mechanical properties of fired 

bricks at increased proportion. Therefore, addition of glass 

powder and sand can improve properties of fired bricks for 

structural application, though glass powder proved to be more 

effective. 
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ABSTRACT  

In the current paper, the role of change in strain routes was investigated, along with the cold rolling of copper metal. Four different 

strain routes including, (a) unidirectional rolling, (b) reverse rolling, (C) two-stage cross-rolling, and (d) multi-stage cross-rolling, 

were utilized to investigate the effect of strain routes change on microstructure, texture evolution, and anisotropy. Tensile strength 

in the unidirectional rolling sample compared to the cross-rolling sample decreased in the direction of initial rolling from 364 MPa 

to 340 MPa, in the direction of 45˚ to the initial rolling from 359 MPa to 347 MPa, and in the direction of perpendicular to the initial 

rolling from 371 MPa to 360 MPa. Texture intensity also decreased from 1413 in the unidirectional rolling sample to 992 in the 

cross-rolled sample. The results demonstrated that by rolling in different routes, the cross-rolling has led to a more homogeneous 

microstructure, less anisotropy, and weaker texture. 

 

Keywords: Reverse Rolling; Cross Rolling; Unidirectional Rolling; Copper; Change strain Route 
 

 

INTRODUCTION 

 
Change in strain routes during the deformation process affects 

metal plastic behaviors, such as the crystallographic texture 

evolution [1]. The main focus of strain route change is on the 

production of metal sheets with different textures and micro-

structures, indicating different properties [2]. The change in the 

strain route can be achieved by changing the rolling direction 

(RD) alternately. For instance, in the rolling process, four types 

of changes are considered for the strain route, being classified 

into (1) Unidirectional Rolling (UR), (2) Reverse Rolling (RR), 

(3) Two-Stage Cross-Rolling (TSCR), and (4) Multi-stage 

cross-rolling (MSCR) (Fig.1) [3,4]. 

 

 
Fig. 1 Schematic of different rolling modes to show the change 

in strain route [5, 6] 

 
The strain route changes have a significant impact on the 

evolution of microstructure and texture during the rolling of 

metals, especially fcc metals, such as copper. Strain route 

changes in the rolling process due to the weaker texture created 

by the rolling can provide more homogeneous properties. 

Therefore, such changes can be a unique way to improve 

material properties [5]. In this regard, the effects on the materi-

als as a result of changes in the direction of deformation are as 

follows: Changes in microstructure and crystallographic 

texture, Changes in plastic anisotropy, Changes in residual 

stress distribution [7, 9]. 

One of the solutions that may be suggested by changes in the 

strain route is to tailor the texture to control the formation of 

the desired texture components and eliminate undesired texture 

components [1, 8]. Additionally, Zhang et al. [10], concluded 

that changing the strain route could lead to an increase in the 

strength and ductility, grain refinement, and weaker texture. 

Goli et al. [11] also concluded that in the cross-rolled sheet 

sample, the grain size was smaller than in the unidirectional-

rolled sheet and the reverse-rolled sheet; moreover, the effect 

of dynamic recrystallization could be observed. The local 

serrations of grain boundaries and the nucleation at pre-existing 

boundaries indicate the occurrence of discontinuous dynamic 

recrystallization (DDRX) mechanism. It should be noted that 

the number of dynamically recrystallized grains in cross-rolled 

samples is higher in comparison to unidirectional-rolled and 

reverse-rolled samples, which is leading to smaller grain size in 

cross-rolling specimens. In unidirectional-rolling specimens, 

the number of active sliding systems is less than in those of 

cross-rolling that is leading to a severe dislocation pile-up. In 

other words, cross rolling leads to the activation of numerous 

slip systems; consequently, it results in increasing cross slip 

possibility and recovery and recrystallization rates. Yang et al. 

[12] reported that in Al-Mg-Si alloys, a right combination of 

strength and flexibility was obtained by performing reverse 

rolling.  

Cold working (e.g., rolling) on metals leads to orienting the 

microstructure along with the deformation. The orientation of 
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the microstructure causes the orientation of mechanical proper-

ties; ultimately, it results in anisotropy occurrence. The value 

of R, called the plastic anisotropy. The average amount of 

anisotropy in different directions, or Rm, which is also called 

vertical anisotropy, is equal to one (Rm = 1) for a perfectly 

isotropic material and indicates the strain and strength equality 

in the thickness and width directions of the sheet. The value of 

Rm depends on several factors, such as the chemical composi-

tion of the alloy, Young's modulus, primary grain size, amount 

of strain, and its angle to the rolling direction [13]. Plastic 

anisotropy (R) indicates the resistance of the sheet against any 

changes in the thickness. In other words, the ratio of true strain 

in the width direction (εw) to true strain in the thickness direc-

tion (εt) in the uniaxial tension test is called the plastic anisot-

ropy [14]. 

 




t

wR 
    (1.) 

 

where: R- plastic anisotropy 

                   εw- true strain in the width direction 

                   εt- true strain in the thickness direction  

Generally, the value of R is not equal to one. It reveals the 

difference of the behavior in the two directions of the sheet 

(width and thickness)[14]. The average value of Rm is defined 

as below:  

 

4

2
90450 RRR

Rm





                                                (2.) 

 

where: Rm- average of anisotropy in different directions 

            R0˚- strain ratio in the longitudinal direction 

            R45˚- strain ratio measured 45° to the rolling direction 

            R90˚- strain ratio in the transverse direction. 

Samples are prepared at 0°, 45°, and 90° directions concerning 

the rolling direction of the sheet [12]. Rm is weighted average 

of r values obtained in three directions: 0° (parallel), 45° 

(diagonal), and 90° (transverse) to the rolling direction. Planar 

anisotropy (eq.(3)) is another significant indicator that one of 

the applications of which is the expression of the degree of 

earring of the edges that occur on the sides of the deep drawing 

specimens [15,16]. For a perfectly isotropic sheet, the follow-

ing equations of ΔR=0 and Rm=1 must apply. In some cases, 

the orientation of the mechanical properties is undesirable and 

must be controlled [13]. One of the ways to reduce the value of 

Rm and control the anisotropy phenomena is recrystallization 

and annealing heat treatment [17, 18]. 

 

2

2
90450 RRRR 




                                                     (3.) 

 

where: ΔR- planar anisotropy 

           R0˚- strain ratio in the longitudinal direction 
             R45˚- strain ratio measured 45° to the rolling direction 

             R90˚- strain ratio in the transverse direction. 

Many researchers have investigated the effect of strain routes 

in the cold rolling process on microstructure, mechanical 

properties, anisotropy, and texture of various alloys. However, 

the effect of different strain routes in the C11000 copper alloy 

on the same four features has not been studied altogether. 

Therefore, in the present study, the effect of various strain 

routes in cold rolling (including unidirectional rolling, cross 

rolling, and reverse rolling) on the mentioned four features of 

copper alloy C11000 is investigated. 

 

 

MATERIAL AND METHODS 

 
All samples were subjected to a complete annealing process at 

600 ˚C and 1 hour respectively temperatures and times. Sam-

ples were subjected to the rolling process according to the 

routes provided in Table 2. These routes are displayed sche-

matically in Fig. 2. A rolling machine performed cold rolling 

with two rollers that have a diameter of 350 mm. The rolling 

speed was 10 meters per minute. The final thickness of the 

rolled sheets was 2.5 mm. Finally, a total 50% reduction in 

thickness was observed in sheets. 

 
Table 1 Chemical analysis of C11000 alloy 

Element %wt 

Cu 99.9869 

O 0.013 

P 0.0039 

S 0.0008 

Al 0.0004 

Pb 0.0015 

Ni 0.0012 

Zn 0.0011 

Sb 0.0009 

Si 0.0002 

 

 
Fig. 2 Schematic of different rolling routes 

 
The rolled specimens in three different planes (are shown in 

Fig.3), were cut and mounted, and the polishing process was 

performed and were etched in a solution (150 cc Hcl + 

10gr𝐹𝑒𝑐l3 + 100cc H2o) and examined under an optical micro-

scope. Tensile test samples were prepared according to ASTM 

E8M standard from different cycles of rolled parts to investi-

gate the difference between mechanical and anisotropy proper-

ties in three directions of 0, 45, and 90 degrees with respect to 

the initial rolling direction according to ASTM E517 and ISO 

10113 (are shown in Fig.4). Texture measurements were 

carried out by a Philips X'pert MPD X-ray texture diffractome-

ter that is utilizing Cu Kα radiation. 

 
Table 2 Schedule for different routes of the rolling process 

(final thickness as 2.5 mm)  

Samples Deformation steps 

A 
Unidirectional Rolling (UR) 

reduction: 50% in RD 

B 
Reverse Rolling (RR) 

reduction:25% in RD and 25% in RR 

C 
Two Stage Cross Rolling (TSCR) 

reduction:25% in RD and 25% in CR 

D 

Multi Stage Cross Rolling (MSCR) 

reduction:12.5% in RD + 12.5% in CR+ 12.5% RR+ 

12.5 % CR 
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Fig. 3 Illustrations of sampling location in rolling samples 

 

 
Fig. 4 Preparation of tensile test samples in three directions of 

0°, 45°, and 90° 

 

RESULTS AND DISCUSSION 

 
Microstructure 

The microstructure images of three sections of these specimens 

are illustrated in Fig.5, Fig.6, Fig.7, and Fig.8.  

 

 

Fig. 5 Optical micrographs related to A sample and in sections 

(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane 

 

Fig. 6 Optical micrographs related to B sample and in sections 

(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane. 
 

In rolled specimens in different routes, the grains were elongat-

ed according to the amount of strain and its direction in the last 

rolling pass, and bands were formed with different widths. In 

the B sample, which reversed the rolling direction, the grain 

size got decreased in comparison to the A sample. Additional-

ly, the average length of the grains decreased; however, the 

width of the grains showed little variations (Table 3). By 

increasing cross rolling, the grain size decreased. In cross-

rolled specimens (C and D), the aspect ratio was slightly 

different on the two planes of TN and RN. Samples with higher 

cross rolling had a more homogeneous microstructure. Fur-

thermore, twinning was observed in all samples of rolled 

copper. In cross-rolling and reverse-rolling specimens, the 

mentioned twinnings are more common in general. 

Dislocation slip is known as the primary ruling mechanism 

during plastic deformation, which leads to the formation of 

dislocation cells, dislocation walls, or micro bands, depending 

on the imposed strain and initial orientation. Moreover, shear 

bands occur as a specific manifestation of local plastic instabil-

ity at medium to large strains [19, 20]. In the microstructure 

images of rolled samples, shear bands are visible. Sawas et al. 

[6] also observed shear bands in microstructure images of 

rolled copper specimens. They indicated that by performing 

two-step cross rolling, the direction of shear bands changed in 

comparison to the unidirectional rolling sample, and in multi-

step cross rolling, shear bands were present in both directions. 

The mentioned shear bands that have been formed in two 

different directions during unidirectional and cross rolling are 
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also observed in other researchers' studies, including Pospiech 

[21]. 

 

 

 

 

Fig. 7 Optical micrographs related to C sample and in sections 

(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane 

 

 

 
Fig. 8 Optical micrographs related to D sample and in sections 

(a) of the R-T plane, (b) the R-N plane, and (c) the T-N plane. 

Table 3 Average grain size and aspect ratio in R-T, R-N, and 

T-N planes in rolling samples 

plane R-T plane T-N plane R-N 
sample 

name 

average 

grain 

length 

(μm) 

aspect 

ratio 

average 

grain 

length 

(μm) 

aspect 

ratio 

average 

grain 

length 

(μm) 

aspect 

ratio 
 

35.47 2.44 40.33 6.65 23.08 3.97 A 

33.72 2.50 33.25 5.41 21.80 3.69 B 

33.02 2.17 31.28 5.72 25.47 4.09 C 

31.01 2.65 29.74 5.90 27.15 5.04 D 

 

Tensile test 

The diagrams obtained from the tensile test in three directions 

of 0, 45, and 90 degrees relative to the first rolling direction 

(RD) are illustrated in Fig.9; moreover, the comparison dia-

grams of strength and elongation in different rolling routes are 

shown in Fig.10 (a) and (b), respectively. As can be observed, 

cold rolling operations on different routes resulted in increased 

strength and reduced elongation in all three directions of tensile 

test 0, 45, and 90 degrees. The mentioned fact was due to an 

increase in work hardening, an increase in the density of 

dislocation, and a decrease in grain size. Additionally, the 

highest strength in these samples occurred in A and B. The 

strength in the two directions of 0 and 45 degrees in the B 

sample regarding the reverse rolling was more than the A 

sample regarding the unidirectional rolling. Moreover, the 

elongation increased in all the three directions in the B sample 

(reverse rolling) in comparison to A sample. In general, the use 

of the reverse-rolling process in copper alloy C11000 increased 

the strength and elongation to the failure property in compari-

son to unidirectional rolling samples; furthermore, it improved 

the mechanical properties of reverse rolling compared to the 

unidirectional one. The reason for this can be attributed to 

grain refinement, dislocations interaction, and lower aspect 

ratio (relation between the length and width of the grain) in the 

reverse-rolling specimen in comparison to unidirectional one. 

Sabat et al. [22] obtained similar results for unidirectional and 

reverse rolling in titanium alloys. They confirmed the increase 

in dislocation density and energy stored in reverse rolling to 

unidirectional rolling.  
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Fig. 9 Diagram of the tensile test in the direction of (a) and (b) 

0˚, (c) and (d) 45˚, (e) and (f) 90˚ with respect to the direction 

of first rolling in the rolled samples. 

 

It can also be attributed to grain refinement, grain size reduc-

tion, and lower aspect ratio in the reverse rolling sample 

compared to that of unidirectional rolling, as well. In the C and 

D samples, in which different cross rolling occurred, the tensile 

and yield strengths were less than the unidirectional rolling 

(sample A) and reverse rolling (sample B). 
 

 
Fig. 10 Comparison (a) of tensile strength and (b) elongation in 

rolled specimens in different routes 

 

Moreover, the elongation to failure property of these samples 

increased compared to A and B samples. According to the 

research of Ostafin et al. [8], the change in the direction of 

plastic strain on copper sheets caused significant changes in the 

distribution of grain orientation (crystal texture) and the 

microstructure of the material; these changes led to changes in 

plastic behavior and mechanical properties, such as strength 

and softness of the deformation. They found that changing the 

strain route and cross rolling of copper sheets resulted in 

forming a combination of desirable textures, reducing undesir-

able textures, and creating more uniform properties. 

Reduction in grain size could lead to an increase in strength in 

cross-rolling specimens, whereas cross rolling reduced strength 

and increased the elongation relative to unidirectional rolling. 

The stated fact may be due to weaker crystalline texture and 

dynamic recrystallization due to the strain route change. The 

achieved results were also observed in the research of Zhang 

Hua [10] et al. and Rout [7] et al.  
 

Anisotropy 

The values of Rm anisotropy in the rolled samples were calcu-

lated according to the strain obtained in the longitudinal and 

transverse directions of the tensile test samples. 

 
Fig. 11 Comparison diagrams between values of (a) planar 

anisotropy in rolled specimens, (b) anisotropy of rolled speci-

mens 

 
According to the obtained values of ΔR and Rm for rolling 

samples in different routes, the diagrams in Fig.11, it can be 

concluded that the values | ΔR | and Rm decreased by changing 

the strain direction and also occurring cross rolling. Thus, 

similar to the results obtained by Goli et al. [11], changing the 

strain direction and cross rolling has been an effective method 

to reduce the anisotropic mechanical properties of C11000 

copper alloy sheet. These results are in line with those of other 

researchers, including Wronski et al. [9] and Rout et al. [7]. 

Therefore, changing the strain direction in the C11000 copper 

alloy sheet can lead to the production of a sheet with relative 

isotropic properties in different directions in comparison to 

unidirectional rolling. 

 

Microhardness test 

The Vickers microhardness test was performed on rolled 

specimens on three planes of RT, TN, and RN and compared in 

Fig.12. In this regard, the amounts of microhardness on the TN 

plane is higher than the other two planes. Additionally, in all 

samples, the values of microhardness on the RT plane is less 

than the other two planes. The microhardness values obtained 

in this experiment are in good agreement with the microstruc-

ture and grain size obtained from the metallography of the 

rolled samples. 

 

 

Fig. 12 Comparison diagrams of the values for microhard-ness 

in different routes and planes 

 

Crystallographic texture 

Changing the deformation route has a major effect on the 

formation of cold rolling texture. The (1 1 1) pole figures for 

the deformed specimens in four different routes are presented 

in Fig.13. As observed, the texture present in A and B samples 

represents the texture of FCC metals, with the medium and 

high stacking fault energy. Texture in copper is characterized 

by compounds, including Cu {112}(111), Bs {110}(112), and 

S {123}(634) [5]. The texture of D and C specimens are 

significantly different from the corresponding texture of A and 

B specimens for copper. The texture of cross-rolling specimens 

(C and D) is relatively weaker than that of unidirectional-
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rolling and reverse-rolling specimens. As demonstrated in 

Fig.13, which is presented the pole figure of the rolling speci-

mens in different routes, the unidirectional-rolling specimen 

has the highest intensity; additionally, the texture intensity in 

the reverse rolling is less than the unidirectional rolling and 

more than the cross rolling. The multi-stage cross-rolling 

specimen has the lowest texture intensity. These results are 

similar to results of other researchers [23, 24]. 

 

 

Fig. 13 Pole figures (111) of (a) A, (b) B, (c) C, and (d) D 

samples 

 

CONCLUSION 

Changes in mechanical properties, anisotropy, microstructure, 

and texture of C11000 copper after unidirectional, reverse 

rolling, and cross rolling are investigated in the present study. 

The microstructure of the rolled samples includes the stretched 

grains along the last rolling direction, which is indicating the 

deformation band and reduced grain size. Changing the routes 

of plastic strain on the copper sheet causes significant changes 

in the material's microstructure. Cross rolling in C and D 

samples reduces grain size compared to unidirectional and 

reverse rolling. Grains are also stretched along with the last 

steps of the rolling. Changing the strain routes and performing 

cross rolling in copper metal reduce the strength compared to 

unidirectional and reverse rolling samples (from 371 Mpa to 

340 Mpa) and increase the ductility to some extent (from 8.5 to 

12). Plastic anisotropy in cross-rolling samples is less than 

unidirectional and reverse rolling specimens. X-Ray results 

reveal that texture intensity in rolling specimens in different 

routes is not equal. The texture intensity in cross-rolling 

specimens (992) is lower than in unidirectional-rolling (1413) 

and reverse-rolling (1296) specimens. One of the reasons for 

the lower anisotropy of cross-rolling specimens in comparison 

to those of unidirectional and reverse rolling can be the more 

moderate texture intensity in these specimens. 
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ABSTRACT  

Corresponding to the technological developments, production and consumption of nickel have increased greatly over time due to its 

unique mechanical and chemical properties. Therefore, the production of nickel will always keep its importance. The availability of 

laterite ores, which are oxide type ores, is 86% of the nickel reserves on the Earth, and the processes used in the production of 

nickel from sulphide type ores have negative environmental effects. Therefore, recovery of nickel from lateritic ores has become 

increasingly important in recent years. In this study, the aim was to determine the optimum parameters of nickel and cobalt produc-

tion from limonite type lateritic nickel ores, which were taken from Manisa Caldag region of Turkey, using atmospheric pressure 

sulfuric acid leaching and pug-roast-leach process. When the results obtained in these processes were compared, it was found that 

the Ni leaching efficiency is nearly 8% higher and iron leaching efficiency (contamination) is nearly 4% lower in the pug-roast-

leach process. Furthermore, the pug-roast-leach process was completed in 33% lower time compared to the atmospheric pressure 

sulfuric acid leaching process. 

 

Keywords: Nickel; Cobalt; Hydrometallurgy; Pug-Roast-Leaching; Atmospheric Pressure 
 

 

INTRODUCTION 
 

Mainly, there are two types of nickel-containing ore deposits. 

These are sulfide type and laterite types. The sulfide type may 

contain up to 4% nickel, but on average, it contains from 1% to 

2% nickel by weight. Sulfide type minerals’ availability is 

about 14% of the total known nickel reserves. Lateritic oxide 

ores are considered as the main resources of nickel. Recovery 

of nickel from laterite ores is becoming increasingly important 

since their availability is 86% of the nickel reserves on the 

Earth [1-7]. 

Extraction of nickel from ores with high Ni/Fe ratio and low 

moisture content is carried out by pyrometallurgical processes. 

These processes are also used in nickel extraction from ores 

with high magnesium content. Disadvantages of pyrometallur-

gical processes such as high-grade ore requirement, metal loss 

with slag, high energy requirement, SO2 removal problems and 

low cobalt recovery rate increase the cost of nickel production 

[8]–[16]. Also, high amount of hydrocarbon fuels, coal, oil, 

naphtha and electricity are used in pyrometallurgical processes. 

It is necessary to consider the percentages of iron, magnesium 

and silica which control viscosity, electrical conductivity and 

melting point of the slag. For all the above reasons, hydromet-

allurgical processes are preferred instead of pyrometallurgical 

processes [17-20]. 

In recent years, there have been studies on the recovery of 

nickel and cobalt from lateritic ores. 

The formation of lateritic rocks on the surface of the Earth 

occurs over a long time period and is effected by temperature 

changes and rainfall. Laterite formation begins with the chemi-

cal and mechanical effects of air, water and heat, as well as the 

decomposition of minerals containing magnesium, iron, nickel, 

cobalt and other components to the generate solution. These 

solutions percolate to the lower zones over time and finally, 

lateritic nickel ores which are economically feasible for the 

recovery of nickel are formed. Lateritic nickel ore deposits 

with 1% to 3% grade are formed by the decomposition of 

ultramafic rocks, which contain nickel and cobalt between 

0.1% to 0.3%. The decomposition of ultramafic rocks occurs 

due to atmospheric and hydrospheric phenomena [21–28]. 

Extraction of nickel from nontronitic or limonitic laterites 

which have a low Ni/Fe ratio is possible through hydrometal-

lurgical processes. In these processes, leaching of nickel by 

mineral and/or organic acids can be utilized. Hydrometallurgi-

cal processes that are applied to lateritic ores can be divided 

into three groups such as high-pressure acid leaching, atmos-

pheric pressure acid leaching and acid pug-roast-leach process. 

High-pressure acid leaching has advantages like; obtaining 

high metal recoveries (95% for Ni and Co) from limonitic 

laterites; and eliminating high energy and time-consuming 

steps such as drying, calcination and reduction. However, high 
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investment costs due to autoclave lining (titanium lining or 

acidic brick and lead lining), flash tanks and other expensive 

equipment are disadvantages of high-pressure acid leaching. 

Atmospheric pressure acid leaching has advantages such as 

both providing to utilize saprolitic ores with magnesium 

content over 6% and also no need for high-cost autoclaves and 

also high metal recovery. On the other hand, iron is passing to 

the solution with nickel and cobalt in this process. Contami-

nants such as Fe, Al, Cr, Mn and Mg, other than nickel and 

cobalt, are removed by precipitation of these elements and/or 

separation of nickel and cobalt from the solution to produce 

nickel and cobalt. Pug-roast-leaching processing can be used as 

an alternative method for the dissolution of lateritic ore at 

atmospheric pressure by using sulfuric acid [29–36]. This can 

be considered as an improved version of the atmospheric 

pressure sulfuric acid leaching due to the fact that water 

insoluble oxides are converted to water soluble sulphates. 

Considering all the above factors, it was decided to use pug-

roast-leaching process in the experimental studies in order to 

see how these processes could be improved and how the 

disadvantageous sides could be eliminated of atmospheric 

pressure acid leaching process [27–36].  

The aim of this study is to determine the optimum parameters 

for nickel and cobalt production from limonite type lateritic 

nickel ores, which were taken from Manisa Caldag region of 

Turkey, through atmospheric pressure sulfuric acid leaching 

and pug-roast-leaching processes.  An additional aim was to 

investigate the parameters and the kinetics of the hydroxide 

precipitation which is carried out after the leaching process. 

 

MATERIAL AND METHODS 

 
In this study, production of nickel and cobalt from limonite 

type lateritic nickel ores by using hydrometallurgical processes 

was investigated. In experimental studies, atmospheric pressure 

sulfuric acid leaching and pug-roast-leaching processes were 

used to leach nickel from the ore to solution. These processes 

were applied to milled lateritic nickel ores and leaching effi-

ciencies were compared. Iron removal and mixed hydroxide 

precipitation processes were applied to pregnant solutions after 

extraction of the nickel. 

Limonite based lateritic nickel ores, which were taken from 

Manisa Caldag region of Turkey, were used in the experi-

mental studies. Samples of 10 grams of ore were used in each 

experiment. Chemical analysis of lateritic ore used in the 

experiments is given in Table 1. The mean grain size of the ore, 

for which the particle size distribution is shown in Figure 1, 

was determined to be 27.76 µm. Particle size measurement was 

carried out with Malvern Mastersizer 2000. Perkin Elmer 

Aanalyst 800 AAS (Atomic Absorption Spectrometry) was 

used in chemical analyses for solutions. 

 
Table 1 AAS results of lateritic ore (wt, %) 

Ni Fe Co Cu 

1.41 24.94 0.062 0.001 

Zn Al2O3 CaO Cr2O3 

0.026 4.00 0.66 1.13 

K2O MgO MnO Na2O 

0.25 5.88 0.38 0.08 

P2O5 Pb TiO2 SiO2 

0.03 <0.005 0.13 40.90 

 

Drying of the ore before atmospheric pressure acid leaching 

and pug-roast-leaching processes was carried out in Thermo 

Scientific Heraeus drying oven. Leaching experiments were 

conducted using a magnetic stirrer. 

 
 
Fig. 1 Particle size distribution of the lateritic ore 

 
The ore was ground in a vibratory cup mill. In the experimental 

studies, two methods were used to extract the nickel and cobalt 

from ore. These are atmospheric pressure sulfuric acid leaching 

and pug-roast-leaching processes. The flowchart for the 

experimental studies is given in Figure 2. 

 

 
Fig. 2 Flowchart of the experimental studies 

 
Samples of 10 grams of lateritic ore (per experiment), dilute 

sulfuric acid (H2SO4), magnetic stirrer (800 rpm) and filtration 

system were used in atmospheric pressure acid leaching 

experiments. Effects of leaching time, acid concentration, 

leaching temperature, particle size and pulp density on nickel, 

cobalt and iron leaching efficiencies were investigated. Initial-

ly, leaching time experiments were executed. Samples were 

leached for 30, 60, 90, 120, 150 minutes and the optimum 

leaching time was determined. Acid concentration experiments 

were carried out after the optimum leaching time was deter-

mined. Samples were leached with sulfuric acid having con-

centrations of 50, 100, 150, 200 g/l and optimum concentration 

was determined. Then, the effect of leaching temperature was 

investigated. Samples were leached at 40, 50, 60, 70, 80, 90°C 

and the optimum leaching temperature was determined. 

Particle size experiments were carried out after optimum 

leaching time, acid concentration and leaching temperature 

were determined. These optimum parameters were used in the 

leaching of particles with different average particle sizes. 

These sizes were 38, 74, 100, 150 and 300 micrometers. 

Finally, pulp density experiments were carried out by using 

leaching solutions for 10, 20, 30 and 40% pulp densities in 

order to determine the optimum pulp density value for atmos-

pheric pressure leaching process. 

Samples of 10 grams of lateritic ore, concentrated sulfuric acid 

(96-98% purity), atmosphere-controlled furnace, magnetic 

stirrer (800 rpm), distilled water and filtration system were 
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used in acid pug-roast-water leaching experiments. The effects 

of acid/ore ratio, roasting time, roasting temperature, leaching 

duration and pulp density on nickel, cobalt and iron leaching 

efficiencies were investigated. Theoretical sulfuric acid quanti-

ty needed for roasting was calculated as 7 grams of H2SO4 per 

10 grams of ore according to the chemical analysis of the ore. 

Acid/ore ratio experiments were carried out with 0.7, 1.0, 1.5, 

2.0 grams of acid per 1 gram of ore. After the optimum amount 

of acid addition was determined, roasting time experiments 

were executed. Samples were roasted for 30, 60, 90, 120, 150 

minutes and the optimum roasting time was determined. Then, 

the effect of roasting temperature was investigated by roasting 

the samples at 100, 150, 200, 250 and 300 °C. After the 

roasting operation, the optimum leaching time was investigat-

ed. Samples, which were roasted at optimum conditions, were 

leached for 30, 60, 90, 120 and 150 minutes by using distilled 

water. In pulp density experiments, distilled water was used as 

the solvent and it was added according to the amount of ore 

used. Pulp densities used in this experiment were 0.10, 0.125, 

0.17, 0.25 and 0.50 g/ml. 

After leaching was performed at optimum conditions in pug-

roast-leaching process, iron removal and mixed hydroxide 

precipitation experiments were performed. For iron removal, 

oxidation of Fe
+2 to Fe

+3 was undertaken using 40 ml of 35% 

H2O2 added to 200 ml of leaching solution with a pH of 1 and 

stirred with a magnetic stirrer for 15 minutes. Then, the pH of 

the solution was increased by adding NaOH. The amount of 

NaOH was calculated stoichiometrically according to Equation 

1. It was found that pH value was increased to 4.0 with approx-

imately 40 ml NaOH addition and iron was precipitated as 

Fe(OH)3. Iron removal efficiencies according to the changing 

pH values were also investigated. 

 

Fe2(SO4)3   +  6NaOH  →  3Na2SO4 +  2Fe(OH)3                 (1.) 

 

After iron removal was completed, mixed hydroxide precipita-

tion was conducted. The stoichiometric NaOH amount was 

calculated as 0.15 grams according to Equation 2 and Equation 

3. The pH of the solution was increased from 4.0 to 7.5 by 

adding 6 ml of 3.33M NaOH and stirring with a magnetic 

stirrer. Nickel and cobalt were precipitated as hydroxides 

according to Equation 2 and Equation 3. 

 

NiSO4 +  2 NaOH  →  Na2SO4 +  Ni(OH)2                 (2.) 

 

CoSO4   +  2NaOH  →  Na2SO4 +  Co(OH)2                 (3.) 

 

RESULTS AND DISCUSSIONS 
 

In this study, optimum parameters for nickel and cobalt pro-

duction from limonitic type lateritic ores by using atmospheric 

pressure sulfuric acid leaching process and pug- roast-leaching 

process were investigated. 

 

 
Fig. 3 Effect of leaching time on leaching efficiencies 

 

In the atmospheric pressure sulfuric acid leaching experiments, 

the effects of leaching time, leaching temperature, acid concen-

tration, particle size and pulp density on the leaching efficien-

cies were investigated. The effects of leaching time on nickel 

(Ni), cobalt (Co) and iron (Fe) leaching efficiencies are given 

in Figure 3. Significant increases in leaching efficiency were 

observed until leaching time reached 90 minutes. Further 

increase in leaching time had only a minor effect on leaching 

efficiencies. Therefore, 90 minutes was chosen as the optimum 

leaching time. 

The effects of acid concentration on nickel (Ni), cobalt (Co) 

and iron (Fe) leaching efficiencies are given in Figure 4. 

Nickel, cobalt and iron leaching efficiencies were significantly 

increased until the acid concentration increased to 150 g/l. 

When acid concentration increased up to 200 g/l, increase in 

leaching efficiencies of nickel and cobalt slowed down. On the 

other hand, leaching efficiency of iron increased significantly. 

Since iron is not desired in the solution and higher iron causes 

higher cost of chemicals used for neutralization and precipita-

tion processes, 150 g/l was determined as the optimum acid 

concentration. 

 

 
Fig. 4 Effect of acid concentration on leaching efficiencies 

 

Figure 5 show the effect of leaching temperature on nickel 

(Ni), cobalt (Co) and iron (Fe) leaching efficiencies. As it can 

be seen on Figure 5, leaching efficiencies for nickel, cobalt and 

iron increased significantly with increasing leaching tempera-

ture until 80°C. When leaching temperature rised above 80°C, 

leaching efficiency of iron showed an almost linear increase, 

but increase in the leaching efficiencies of nickel and cobalt 

slowed down. For this reason, 80°C was determined as opti-

mum leaching temperature. 

 

 
Fig. 5 Effect of leaching temperature on leaching efficiencies 

 
Figure 6 illustrates the effect of particle size on nickel (Ni), 

cobalt (Co) and iron (Fe) leaching efficiencies. The reaction 

interface was increased with decreasing particle size and this 

resulted in higher leaching efficiencies. The increase in leach-

ing efficiencies was not the same for three metals. As can be 

seen from Figure 6, cobalt leaching efficiency increased 

significantly when particle size decreased from 100 μm to 74 

μm. This result shows that, among these three metals, kinetics 

is more important in cobalt leaching. Kinetic limitations can be 

reduced by decreasing the grain size in cobalt leaching. The 

main targeted metal nickel’s leaching efficiencies were not 

significantly affected by grain size falling below 74 μm. 

Therefore, the optimum grain size was determined as 74 μm. 



Coban et al. in Acta Metallurgica Slovaca 

 

 DOI: 10.36547/ams.27.1.740  20 

 
Fig. 6 Effect of particle size on leaching efficiencies 

 

The effect of pulp density on leaching efficiencies was investi-

gated for various acid and water ratios. As it can be seen in 

Figure 7, leaching efficiencies decreased when pulp density 

exceeded 10 %. Figure 7 also illustrates that nickel leaching 

efficiency decreased significantly when pulp density increased 

from 10 % to 20 % for 150 g/l acid concentration, which was 

determined as the optimum acid concentration. Since nickel is 

the main target metal, the optimum pulp density was deter-

mined as 10 %. 

 

 
Fig. 7 Effect of pulp density on leaching efficiencies for 150 

g/l acid concentration 

 
In the pug-roast-leaching experiments, the effects of acid 

concentration, roasting time, roasting temperature, pulp density 

and leaching time (applied after roasting) on leaching efficien-

cies were investigated. In the acid concentration experiments, 

the required amount of H2SO4 was calculated stoichiometrical-

ly based on the quantitative analysis of the ore. 0.7-1.0-1.5-2.0 

acid (g)/ore (g) ratios were used in acid concentration experi-

ments. Results are given in Figure 8. Acid concentration is 

considered as the most important parameter affecting roasting, 

and hence it also affects leaching efficiency. Theoretically, 

using sulfuric acid at a weight equivalent to 70 % by weight of 

the ore is enough for roasting. However, the results of the 

experiments showed that using sulfuric acid in an amount equal 

to 150 % of the ore weight is essential for transferring nickel 

and cobalt to solution. When the acid/ore ratio exceeded 1.5, 

there was no significant increase in the leaching efficiencies of 

nickel and cobalt, but there was an important increase in the 

leaching efficiency of iron. For this reason, the optimum 

acid/ore ratio was determined as 1.5. Also, it can be seen in 

Figure 8 that the increase in the acid/ore ratio affects the 

sulfation and transfer of the iron to the solution more than 

nickel and cobalt. 

 

 
Fig. 8 Effect of acid concentration on leaching efficiencies in 

pugging process 

 

After determining the optimum sulfuric acid quantity, the 

effect of roasting time on leaching efficiencies was investigat-

ed. Figure 9 shows the effect of roasting time on nickel (Ni), 

iron (Fe) and cobalt (Co) leaching efficiencies. The increase of 

roasting time had a slightly positive effect on nickel and cobalt 

leaching efficiencies. Dissolution of these metals was inhibited 

because of kinetic reasons. The amount of these two metals in 

the lateritic ore is relatively low and they show fine distribution 

within the ore. On the other hand, iron leaching efficiency was 

not affected by the increase in roasting time. As can be seen in 

Figure 9, there was no increase in leaching efficiencies for 

roasting times exceeding 30 minutes. So, 30 minutes was 

determined as optimum roasting time. 

 

 
Fig. 9 Effect of sulfation roasting time on leaching efficiencies 

 

After determining the optimum acid concentration and roasting 

time, the optimum roasting temperature was investigated. 

Figure 10 shows the effect of roasting temperature on leaching 

efficiencies of nickel, iron and cobalt. Leaching efficiencies 

increased with rising roasting temperature. It is known that 

575°C is the decomposition temperature of iron sulfates and 

675°C is the decomposition temperature of the nickel sulfates 

[19]. However, even if these temperatures are not reached, it 

has been seen in the previous studies that sulfates begin to 

decompose after 450°C, therefore leaching efficiencies start to 

decrease. Therefore, temperatures over 300°C were not used in 

the experiments and 300°C was determined as the optimum 

roasting temperature. 

 

 
Fig. 10 Effect of sulfation roasting temperature on leaching 

efficiencies 

 
After sulfation roasting was carried out with optimum condi-

tions, the effect of leaching time on leaching efficiencies was 

investigated. Leaching was executed after roasting, and water 

was used in this process. Figure 11 shows the effect of leaching 

time on the leaching efficiencies of nickel, iron and cobalt. 

Leaching efficiencies increased until leaching time reached 30 

minutes. A further increase in leaching time had no significant 

effect on leaching efficiencies. Therefore, 30 minutes was 

determined as the optimum leaching time. 

After roasting, an intermediate product which consists of 

mixed sulphates was formed. This intermediate product was 

weighed, and water was added at various amounts to obtain 

different pulp densities. Figure 12 shows the effect of pulp 

density on leaching efficiencies of nickel, iron and cobalt. 

Leaching efficiencies decreased with increasing pulp density. 
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Decreases in nickel and cobalt leaching efficiencies were 

higher when compared to the leaching efficiency of iron. 

Although maximum leaching efficiencies of nickel and cobalt 

were achieved at 0.1 g/ml pulp density, optimum pulp density 

was determined as 0.125 g/ml, because the leaching efficiency 

of iron was affected more negatively with the increase in pulp 

density when compared to cobalt and nickel. 

 

 
Fig. 11 Effect of leaching time on leaching efficiencies 

 

 
Fig. 12 Effect of pulp density on leaching efficiencies 

 
Leaching efficiencies obtained in the two processes for opti-

mum conditions were compared and it was found that nickel 

leaching efficiency was higher and iron leaching efficiency was 

lower for the pug-roast-leaching process as indicated on Figure 

13. Therefore, iron removal and mixed hydroxide precipitation 

processes were applied to the samples subjected to the pug-

roast-leaching process. 

 

 
Fig. 13 Comparison of Processes for Leaching Efficiencies 

 
After the pug-roast-leaching process was carried out at opti-

mum conditions, iron removal was applied to the solution. The 

efficiency of this process was measured using AAS analysis. 

After this process was completed, nickel and cobalt were 

precipitated by mixed hydroxide precipitation process. The 

efficiency of the mixed hydroxide precipitation was calculated 

from AAS analysis data. 

In the iron removal process, 40 ml of H2O2 was added drop by 

drop to 200 ml of pregnant solution for oxidation. Then, 3.33M 

NaOH was added to this mixture and it was observed that iron 

in the solution was precipitated. During this process, the effect 

of pH value on iron removal efficiencies and also nickel loss 

were investigated. Solid and liquid phases were separated by 

using filtration. When the AAS analysis which was performed 

after the iron removal process and the AAS analysis which was 

performed before the iron removal process were compared, it 

was found that 98.6% of iron was precipitated on pH value 4.0 

as indicated on Figure 14. However, it was seen that 17.2% of 

the nickel was lost together with the precipitate in the iron 

removal process. As it can be seen on Figure 14, nickel loss 

percentage increases over 3.5 pH value while iron removal 

efficiency does not significantly. Optimum pH value for iron 

removal process was determined as 3.5. Nickel partially 

precipitates together with iron which precipitates as very fine-

grained iron hydroxide compound. That would be the reason 

for the loss of nickel. 

 

 
Fig. 14 Effect of pH to Iron Removal Efficiency and Nickel 

Loss 

 
In the mixed hydroxide precipitation process, initially, the pH 

of the solution was increased to 7.5 with 8 ml of 3.33M NaOH 

addition. Solid which contains nickel and cobalt hydroxides 

and residual iron hydroxide, and liquid which contains a trace 

amount of manganese, magnesium and residual nickel and 

cobalt were separated from each other by filtration. Then filter 

cake was dissolved in 15 ml HCl + 5 ml HNO3. Afterward, 

AAS analysis was conducted on the two solutions. According 

to the results, it was seen that 90.8% of nickel and 75.2% of 

cobalt were precipitated. 
 

CONCLUSION 

 
In this study, nickel and cobalt were extracted from limonite 

type lateritic nickel ores, which were taken from Manisa 

Caldag region of Turkey, by using atmospheric pressure 

sulfuric acid leaching and pug-roast-leaching processes. In 

atmospheric pressure sulfuric acid leaching experiments, the 

effects of leaching time, acid concentration, particle size and 

pulp density on leaching efficiencies were investigated. Ac-

cording to the results, optimum parameters were determined as; 

150 g/l H2SO4 concentration, 80°C leaching temperature, 90 

minutes of leaching time, 74 μm particle size and 10% pulp 

density. Leaching efficiencies of 68.9% Ni and 61.8% Co were 

obtained at optimum conditions. On the other hand, 46.2% of 

the iron in the ore was dissolved. In pug-roast-leaching exper-

iments, the effects of acid concentration, roasting temperature, 

roasting time, pulp density and leaching time (applied after 

roasting) on leaching efficiencies were investigated. Optimum 

conditions were determined to be: 1.5 acid (H2SO4)/ore ratio, 

300°C roasting temperature, 30 minutes of roasting time, 0.125 

g/l pulp density and 30 minutes of leaching time. Leaching 

efficiencies of 76.8% Ni, 45.7% Co and 42.4% Fe were 

obtained with optimum parameters. When atmospheric pres-

sure sulfuric acid leaching and pug-roast-leaching processes 

were compared, it was seen that Ni leaching efficiency was 

nearly 8% higher and iron leaching efficiency was nearly 4% 

lower in pug-roast-leaching process. Lower iron leaching 

efficiency will result in less neutralization reagent and oxidant 

used in the iron removal process, and this will reduce operating 

costs. Moreover, the atmospheric pressure sulfuric acid leach-
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ing process is completed in 90 minutes, while the pug-roast-

leaching process takes 60 minutes. Shortening the duration by 

33% is very important for industrial scale production. 

The leaching efficiencies obtained seem to be a little bit low 

and the main reason for this would be the lack of acid regenera-

tion during leaching. The efficiencies could be increased by 

returning the acid which contains nickel and cobalt to the 

beginning of the leaching or pugging processes. If acid conver-

sion and sulfuric acid production are done at the end of the 

pug-roast leaching process, nickel and cobalt leaching efficien-

cies would increase and metal loss would be minimized. 

According to the results obtained in this study, nickel and 

cobalt production from limonite type lateritic nickel ores, 

which were taken from Manisa Caldag region of Turkey can be 

carried out efficiently by hydrometallurgical processes. When 

we consider the importance of the materials such as stainless 

steels, high quality alloyed steels and nickel and cobalt based 

super alloys, this ore and these methods are significant for the 

production and industrial scale production can be integrated to 

the parameters that have been optimized in this study. 
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ABSTRACT  

The article contains the research results of obtaining a ferroalloy from a carbon ferrochrome dust containing 30,2 % of Сr2O3, 23.4 

% of SiO2, 32.7 % of MgO, 5.0 % of FeO, 1.6 % of CaO, 4.5 % of Al2O3, 2.3 % of C, and 0.3 % - others. The studies were carried 

out by a thermodynamic modeling method using the HSC-6.0 software package (Outokumpu) based on the principle of the Gibbs 

energy minimum, the Box-Hunter rototable planning technique and electric melting of the dust in an arc furnace. It was found that 

the interaction of the dust with carbon under equilibrium conditions and in the presence of iron leads to formation of Cr4C 

(T>1000°C), Cr3C2, Cr7C3, Cr (T>1100°C), FeSi (T>1300°C), SiC (T>1400°C), SiOg and Si (T>1500°C). In the temperature range 

of 1745-1900°C and in the presence of 18-34% of carbon and 8% of iron of the dust mass, the resulting ferroalloy contained 18.5-

25.2% of Si and 46.8-49.4% of Cr (in this case the silicon extraction degree into the alloy was 60.0-64.4%, the chromium one – 

99.8%). When the electrosmelting the granulated dust together with coke and steel shavings, the chromium extraction degree into the 

alloy was 98.5-99.4%, the silicon one – 53.7-57.0%; the obtained ferroalloys containing 18.3-21.9% of silicon and 45.6-53.6% of 

chromium meet the requirements to FeCrSi23-grade ferrosilicochromium. 

 

Keywords: ferroalloy, dust, carbon ferrochrome, electrosmelting, ferrosilicochromium, thermodynamic 
 

 

INTRODUCTION 
 

Kazakhstan is one of the largest producers of ferrochrome in the 

world (13% of world production) [1]. The share of ferrochrome 

in Kazakhstan accounts for 86.8% (2019) of the total production 

of ferroalloys in the country [2]. 

The ferroalloy production is characterized by dust formation 

[3].The quantity and chemical composition of the dust depend 

on the alloy type, its production technology, the electric furnace 

design and power, the furnace bath temperature, pressure in the 

under-roof furnace space, the electrode arrangement, the electri-

cal regime (in particular, for each ferroalloy, there is a limit 

value for the phase voltage, the excess of which leads to a sharp 

increase in the dust content in the furnace gases), as well as on 

the heat resistance of the ore and reducing [4]. Dust in the fer-

roalloy furnaces is formed as a result of mechanical entrainment 

of raw material components and due to sublimation of metals, 

their oxides and sulfides. The specific dust yield also depends 

on the furnace design [4,5]. The dust yield at the smelting carbon 

ferrochrome ranges from 12 kg to 150 kg [5-8] per 1 tonne of 

the alloy. The dust contains 10-15% of SiO2, 15-43.6% of Cr2O3, 

13-33% of MgO, 3-8% of Al2O3, 0.2-4.5% of CaO, 4-6% of 

FeO, 1-1.2% of S, up to 6.2% of C.  

The dust formed during the producing ferrochrome in electric 

arc furnaces contains various metals, such as chromium, zinc, 

iron, aluminum and magnesium. Some of these metals, for ex-

ample chromium (VI), pose a threat to the environment and hu-

man life because of their toxicity [9]. Various studies have been 

conducted on the extraction of metals from dust, for example, 

the possibility of using vermiculite to remove Cr(VI) from fine-

dispersed ferrochrome dust after its leaching in an aqueous so-

lution [10], as well as the separation of chromium from indus-

trial dusts by water ozonation [11]. To extract zinc from the fer-

rochrome dust collected in bag filters, a two-stage leaching pro-

cedure is proposed, which allows extracting zinc by 71.2% [12]. 

A hydrometallurgical method on the processing of carbon ferro-

chrome dust was suggested, which allows to obtain a chromium 

concentrate, followed by obtaining chromium metal by alumi-

nothermic reduction [6]. The paper [13] describes the results of 

electric melting of high-carbon ferrochrome dusts (Aktobe Fer-

roalloy Plant, Aktobe, Kazakhstan) in a direct current arc fur-

nace (DCAF-1). The recovery of chromium to chromium metal 

was 89.5%. The resulting alloy contained (wt.,%): Cr – 70.98; 

Fe-20.27; C – 8.09; Si – 0.61; S – 0.03; P – 0.02. 

A research related to studying the possibility of using ferro-

chrome dust for production of concrete (partial replacement for 

conventional Portland cement) show that the addition of up to 

40% of the dust and 7% of lime does not affect the properties of 

concrete (does not worsen or improve it) [14,15]. 

Due to its high fire resistance, the ferrochrome production dust 

can be used for manufacture of refractory materials [16], such as 

refractory bricks [17]. In order to recycle the waste formed at the 

production of high-carbon ferrochrome at the Aktobe Ferroalloy 
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Plant, it is proposed to apply the bag filter dust to produce re-

fractory materials for furnace lining [18]. 

The carbon ferrochrome dust is also used as a binder for the 

pelletizing chromium-containing ores (50% of the dust and 12% 

of a commonly used binder) [4, 19, 20] as well as at the manu-

facturing a refractory chromium oxide containing concentrate 

(95.8% of Cr2O3) [8]. 

In contrast to the well-known works, we suggest to use the car-

bon ferrochrome dust to produce high-quality ferroalloys con-

taining Cr, Si and Fe. 

 

MATERIAL AND METHODS 

 
Subtitle of material and methods 

The research was carried out using a thermodynamic modeling 

technique and experimental electric melting of the dust in a la-

boratory ore-thermal arc furnace. The thermodynamic modeling 

was performed using the HSC-6.0 software package (Ou-

tokumpu) [21], based on the minimum Gibbs energy principle. 

To calculate the equilibrium distribution degree of the dust ele-

ments (αel, %), we developed an algorithm [22]. According to 

the algorithm, using the data about the quantitative distribution 

of substances obtained by means of an Equilibrium Composi-

tions module of the HSC-6.0 software package, the equilibrium 

distribution degree of elements (αel, %) is determined as a ratio 

of the mass of an element (kg) in the product (Gel(pr)) to the mass 

of the element (kg) in the initial system (Gel(init)) under the for-

mula: 
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The mass of an element in the initial mixture (Gel(init), kg) was 

calculated by the following way: 
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where  Ael – atomic mass of an element;  

iM – molecular weight of the initial substance; 

 
iG  – mass of the initial substance, kg; 

 x – the number of kilo-atoms of an element in the initial 

substance. 

The mass of an element in the products (Gel(pr), kg) was calcu-

lated using the formula: 
 

)(
)(

)( pri
pri

el
prel G

M

An
G 




,               (3.) 

 

where Ael – atomic mass of an element; Mi(pr)– molecular weight 

of the product;  Gi(pr) – mass of the product, kg; n – the number 

of kilo-atoms of an element in the product. 

After determination of Gel(pr) and Gel(init) the elements’ equilib-

rium distribution degree was calculated under the formula (3). 

In addition, the effect of temperature and carbon amount on the 

formation of a ferroalloy and the silicon and chromium content 

in the resulting ferroalloy were determined. 

The experimental installation is shown in figure 1. 

Electric melting of a charge was carried out in a single-electrode 

arc furnace lined with chrome-magnesitebricks. The hearth elec-

trode was made of a graphite block. A graphite crucible (d = 6 

cm, h = 12 cm) was placed on the hearth. The space between the 

crucible and the lining was filled with graphite chips. The upper 

part of the furnace was closed with a removable cover with holes 

for the graphite electrode (d = 3 cm) and the gas outlet. 

 
1 – furnace casing; 2 – chrome-magnesitelining; 3 – carbon 

graphite plate; 4 – graphite crucible; 5 – fine-crushed graphite; 

6 – TAFH-1002 transformer; 7 – graphite electrode; 8 – lower 

current supply; 9-12 – ammeters and voltmeters; 13 – electrode 

movement mechanism; 14 – flexible part of a short network; 15 

– furnace cover; I – general view; II – schemeof the furnace 

Fig. 1 A laboratory single-electrode electric arc furnace 
 

Before the melting, the crucible was heated with electric arc for 

20-25 minutes at amperage of 250-300Aand voltage of 45-55V. 

A part of a charge (200-230 g) was loaded in the heated crucible. 

It was melted for 3-5 minutes, and then the remaining part of the 

charge (200-250 g) was loaded in the crucible and melted for the 

required time. The current during the melting was 350-450A and 

the voltage was 25-30V. Electricity to the furnace was supplied 

through a TAFH-1002 transformer. The required power was 

maintained by means of a thyristor regulator. The amperage was 

monitored by a Tangen 42L6 ammeter (the accuracy class is 

1.5), and the voltage by a Chint 42L6 voltmeter (the accuracy 

class is 1.5). After termination of the electric melting, the fur-

nace was cooled for 6 hours. Then the graphite crucible was 

taken out of the furnace and broken. The alloy was weighed and 

analyzed using a scanning electron microscope to determine the 

metals and carbon content. The coke before the charging were 

crushed to a fraction of 0.5-1.5 cm and dried at 120 °C. The dried 

components were pelletized in a plate-type granulator in the 

presence of a binder (bentonite clay). The pellets (d = 1 cm), 

dried at 120-140 0C, had the strength of 5-7 kg per a pellet and 

withstood 5 drops from a height of 1 m. 

According to the data of the test chemical laboratory of the Ak-

tobe Ferroalloy Plant (a branch of JSC “TNC Kazchrome”), the 

ferroalloy dust contains 21-35% of Cr2O3, 6-20% of SiO2, 14-

31% of MgO, 3.7-5.7% of Al2O3, 7-9% of FeO, 0.6-7.4% of 

CaO, 3-6% of C, 0.3-1% of S. 

During the experiments we used the dust containing 30,2% of 

Сr2O3, 23.4% of SiO2, 32.7% of MgO, 5.0% of FeO, 1.6% of 

CaO, 4.5% of Al2O3, 2.3% of C, 0.3% of others, as well as coke 

(85,7% of С, 5.2% of SiO2, 2.1% of Fe2O3, 2.0% of Al2O3, 1.6% 

of CaO, 0.4% of MgO, 0.8% of H2O, 5.0% of FeO)  and steel 

shavings (2,1% of С, 0,4% of S, 97.1% of Fe, 0.4% of others). 
 

RESULTS AND DISCUSSION 
 

Subtitle of results and discussion 

The effect of carbon and temperature on the quantitative (kg) 

distribution of substances containing chromium and silicon at 

the interaction of the dust formed at the manufacturing ferrosil-

icochrome  (hereinafter referred to as dust) with carbon (18% of 

the dust mass) in the presence of  iron (8% of the dust mass) is 

represented in figure 2. 

As follows from the figure, the reduction products in the system 

under consideration are chromium carbide, chromium, iron sili-

cide, iron monoxide, silicon and calcium carbide, which begin 

to form at the following temperatures: Cr4C – 1000 °C, Cr3C2, 

Cr7C3 and Cr – 1100 °C, FeSi – 1300 °C, SiC – 1400 °C, SiOg 
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and Si – 1500 °C. Chromium is completely reduced at 1400 °C, 

and silicon at 2100 °C. 
 

 
Fig. 2 Temperature effect on the quantitative distribution of 

chromium (I) and silicon (II) containing substances in a system 

of dust – C – Fe 
 

Figure 3 shows the effect of temperature (from 1400 to 1900 °C) 

and amount of carbon (18% and 34% of the dust mass) on the 

equilibrium silicon transition degree (αSi) and chromium and 

silicon content in the resulting alloy (CCr, CSi, %). It can be seen 

that a high αSi (>55%) is at the temperature of more than 1700-

1800 °C. An increase in the carbon amount from 18 to 34% in-

creases αSi from 55 to 61% (at 1800 °C). At the constant carbon 

quantity (18 or 34%) an increase in the temperature from 1400 

to 1800 °C leads to an increase in the silicon extraction degree 

into the alloy and the silicon concentration in it. In this case, the 

chromium concentration in the alloy decreases. 

I   II 

 
I – 18% of carbon; II – 34% of carbon 

Fig. 3 The temperature and carbon amount effect on αSi, СSi and 

CCr 
 

The chromium concentration achieves its maximum value of 

59.8% at 1400 °C and 18-34% of carbon; the maximum silicon 

content is 16.4-23.0% at 1800-1900 °C and 34% of carbon. The 

change in the concentration of elemental chromium and its car-

bides is shown in figure 4.As follows from figure 4, an increase 

in the temperature from 1400 to 1900 °C changes the concentra-

tion of chromium-containing substances. So, if at 1400 °C and 

18% of carbon СCr3C2>CCr>CCr4C>CCr7C3, then at 1800 0C 

СCr3C2>CCr4C>CCr>CCr7C3. At 34% of carbon and 1800 °C the se-

quence of changes in the concentrations is different – 

СCr3C2>CCr>CCr4C>CCr7C3. 

I   II 

 
I – 18% of carbon; II – 34% of carbon 

Fig. 4The temperature and carbon amount effect on the concen-

tration of chromium and its carbides in the ferroalloy 

The pattern of temperature and carbon amount effect on αSi, CSi 

and CCr  (table 1) was obtained on the basis of the data of figure 

3 and the results of the additional study conducted by a planning 

method [23]. 

 

Table 1 A planning matrix and indicators of temperature (T, °C) 

and carbon (C, %) influence on the silicon transition degree and 

the silicon and chromium concentrations in the alloy  

№ 

Variables 

αSi, % СSi, % СCr, % 
Code kind Natural kind 

Х1 Х2 C,% 
Т, 

°C 

1 +1 +1 31.7 1856 62.6 21.0 46.2 

2 -1 +1 20.3 1856 59.1 20.8 48.7 

3 +1 -1 31.7 1644 48.0 15.9 48.6 

4 -1 -1 20.3 1644 38.3 13.0 50.8 

5 +1.41 0 34 1750 60.2 22.0 45.9 

6 -1.41 0 18 1750 51.6 17.4 49.8 

7 0 +1.41 26 1900 60.9 20.8 47.0 

8 0 -1.41 26 1600 34.5 11.3 51.3 

9 0 0 26 1750 55.0 19.9 48.0 

10 0 0 26 1750 54.3 20.3 48.4 

11 0 0 26 1750 55.6 19.5 47.6 

12 0 0 26 1750 54.8 19.7 47.9 

13 0 0 26 1750 55.4 20.1 48.3 

 

Based on the table data and using [23], the following adequate 

regression equations were obtained: 

 

αSi=-1197,08+1,274∙Т+4,245∙C-3,2∙10-4∙Т2+1,539∙10-2∙C2-

2,56∙10-3∙Т∙C                 (4.) 

 

СSi=-477.76+0.56∙Т-1,957∙C-1,59∙10-4∙Т2+1,17∙10-

3∙C2+1,24∙10-3∙Т∙C                 (5.) 

 

СCr=60.608+1,49∙10-3Т-0,993∙C-6,76∙10-6∙Т2+1,77∙10-2∙C2-

1,24∙10-4Т∙C                  (6.) 

 

On the basis of the regression equations and according to the 

method [24], three-dimensional and planar images of the tem-

perature and carbon effect on αSi, СSi,СCr were constructed (fig-

ure 5). 

 

А   B 

 

Numbers by lines – αSi, % 

 

А   B 

 

Numbers by lines – СSi, % 
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А   B 

 
Numbers by lines – СCr, % 

A – three-dimensional images; B – one-dimensional image 

Fig. 5 Temperature and carbon effect on αSi(I),СSi(II),СCr(III) 

 
Judging by the figures, αSi is from 60 to 63.0% for the tempera-

ture range of 1745-1900 °C and the carbon amount of 18-34% 

(the shaded area of figure 5 (I, B); CSi is from 20 to 23.2% at 

1710-1900 °C and 19.8-34% of carbon. As follows from figure 

5 (III, B), the chromium concentration of ≥50% in the alloy is at 

18-24.3% of carbon in the temperature interval of 1600-1830 °C. 

At the higher temperature (1900 °C) and 34% carbon content, 

the chromium concentration in the alloy decreases to 46.6%. 

Figure 6 represents the combined information about the temper-

ature and carbon influence on the technological parameters of 

the dust processing, provided that αSi is more than 60%. 

 

 
αSi ( ),  СSi(---), СCr(- - -) 

Fig. 6 Temperature and carbon amount effect on the technolog-

ical parameters of processing the ferrosilicochrome dusts 

 

The process parameters for the boundary points of the abcd area, 

where αSi≥60%, are shown in table 2. 

 

Table 2 The process technological parameters in the boundary 

points 
Point 

in fig. 

5 

Т, 0С 
Car-

bon, % 

αSi, 

% 

СSi, 

% 

СCr, 

% 

Alloy 

grade 

a 1880 18 60.0 18.7 49.4 

FeCrSi23 
b 1745 34 60.0 21.9 47.4 

c 1900 34 64.4 25.2 46.8 

d 1900 18 60.6 18.5 49.2 

 

The data of table 2 show that in the equilibrium conditionsat 

1745-1900 0C and 18-34% of carbon (αSi is 60-64. 4%), the re-

sulting ferroalloy containing 18.7-25.2% of silicon and 46.8-

49.4% of chromium corresponds to the FeCrSi23-grade ferrosil-

icochrome [25]. 

The results of electric melting of the charge consisting of the 

dust, coke and steel shavings (8% of the dust mass) are shown 

in table 3. Photos of several alloys and the content of elements 

in them are shown in figures 7-8. 

Table 3 Resultsof electric melting of ferrochrome dusts 
Exper-

iment 

# 

Carbon, 

% of the 

dust mass 

αSi, 

% 

αCr, 

% 

СSi, 

% 

СCr, 

% 

1 20 53.7 96.8 22.6 41.26 

2 24 54.6 98.9 21.9 45.6 

3 28 53.9 99.3 19.5 49.9 

4 32 55.8 98.5 18.4 53.0 

5 36 57.0 99.4 18.3 53.6 

 

I    II 

  
I – alloy # 1; II – alloy # 4 

Fig. 7 Photographs of the resulting ferroalloys 

 

  
I – alloy # 1 II – alloy # 4 

Element Cr Si Fe Mg Mn Ni Al Ti C 

Mass frac-

tion 

in the alloy # 

1, % 

41.26 22.60 31.8 1.61 1.37 0.27 0.71 0.27 4.2 

 
Element Cr Si Fe Mg Mn Ni Al Ti C 

Mass fraction  

in the alloy # 4, 

% 

53.28 18.40 21.98 0.28 2.04 0.48 0.41 0.28 3.14 

Fig. 8 Energy-dispersion spectra and elemental composition of 

the alloys composition made by the scanning electron micro-

scope 

 

The ferroalloys produced (alloys 2-5) in accordance with [25] 

belong to ferrosilicochromium of the FeCrSi23 grade, for which 

the chromium concentration is ≥45%, and the silicon content is 

in the interval of 18-28%. 

 

CONCLUSION 
The results obtained at the processing of the dusts formed at the 

manufacturing carbon-containing ferrochrome allowed to draw 

the following conclusions: 

1. In the equilibrium conditions: 

 interaction of the dusts with carbon in the presence of iron 

occurs with the formation of Cr4C (T>1000 0C), Cr3C2, 

Cr7C3, Cr (T>1100 0C), FeSi (T>1300 0C), SiC (T>1400 
0C), SiOg and Si (T>1500 0C);  

 an increase in the amount of carbon from 18 to 34% of the 

dust mass leads to an increase in the silicon and chromium 

transition degree into the alloy and the silicon concentra-

tion in the alloy; 

 in the temperature interval of 1745-1900 0C and in the pres-

ence of 18-34% of carbon and 8% of iron of the dust mass, 

a ferroalloy is produced, which contains 18.5-25.2% of Si 

and 46.8-49.4% of Cr (the silicon extraction degree in the 

alloy is 60.0-64.4%, one for Cr is 99.8% and more). 

2. When the electro smelting the granulated dust together with 

coke and steel shavings, the extraction degrees of chromium and 

silicon were 98.5-99.4% and 53.7-57.0%, respectively; the re-

sulting ferroalloys containing 18.3-21.9% of silicon and 45.6-

53.6% of chromium corresponds to ferrosilicochrome of 

FeCrSi23 grade. 
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ABSTRACT  

Bimetallic is a type of metal composite that combines two metals that form a metallurgical bond. The manufacture of bimetallic 

bushings by centrifugal casting has not been developed much. Recently, there is no recommendation yet for optimum temperature 

and speed of rotation to produce bimetallic bushings. The research was conducted to determine the rotation of the mold in centrifugal 

casting so as to produce a well-integrated interface. The materials used for the manufacture of bimetallic bushings are aluminum and 

copper. Aluminum was melted at a temperature of 750 °C, while copper was melted at 1200 °C. Molten metal was pouring alternately. 

First, aluminum was poured into the mold, and then after the aluminum temperature reached 400 ºC, copper was poured into the mold 

to form a bushing aluminum-copper bimetallic. The molten metal was poured into a rotating sand mold with a constant filling speed 

of about 0.15 kg s-1. The variations of the rotational speed of the mold were 250, 300, and 350 rpm. The result shows that the interface’s 

width increases as the mold rotation increases during the pouring process. Interface hardness and wear are increased compared to the 

base metal. Hence, centrifugal casting with 350 rpm is recommended for aluminum-copper bimetal bushing applications. 

 

Keywords: Bushing bimetal; Centrifugal casting; Aluminum-Copper; Interface 
 

 

INTRODUCTION 
 

The centrifugal casting principle applies forces generated from 

the centripetal acceleration of a rotating mold [1]. Centrifugal 

casting produces a product with accurate dimensions and limited 

gas porosity [1,2]. These characteristics are caused by the distri-

bution of molten metal into the mold cavity, which uses forces 

resulted from the centripetal acceleration of a mold rotation. The 

centrifugal force is influenced by the rotational speed, radius, 

metal density [1], and gating system [3]. The non-pressurized 

system, with reduced turbulence and the increasing cross-sec-

tional area towards the mold cavity, can increase the mechanical 

properties [4]. Moreover, to improve the average bending 

strength can be done by enlarging the vortex runner diameter in 

the gating system [5]. The pressure distribution controlled by ro-

tational speed affects the porosity, which can be reduced by the 

rotational speed of more than 180 rpm [6]. Furthermore, the 

quality of casting products depends on the combination of the 

rotational speed, runner design, and gating system [7, 8].  

Bimetallic is a type of metal composite that combines two metals 

that form a metallurgical bond (metal bond) [9]. The purpose of 

bimetallic production is to make an integrated component con-

sisting of two metals, but each metal still has its unique proper-

ties [10]. The presence of metal bonds on the surface of the two 

metals increases the components' mechanical properties. The 

two metals complement each other in mechanical, chemical, and 

physical properties [11]. 

Bimetallic composites can be made by gravity casting [12] or 

centrifugal casting [10]. The manufacture of bimetallic compo-

sites by casting produces a cohesive compound and diffusion of 

the metal interface during pouring, resulting in a high bond 

strength [13]. One of the current developments of bimetal is to 

manufacture bushing products. Making bushings using the grav-

ity casting method will produce low-density products with cast 

defects [12]. Meanwhile, the manufacture of bushing by centrif-

ugal casting will create products with accurate dimensions, 

smooth surface, less gas porosities, and faster freezing [2]. 
Centrifugal casting utilizes the force generated by the centripetal 
acceleration of a rotating mold to distribute molten metal into 
the mold [1]. High rotation reduces the number of product de-
fects [14]. Castings with high temperatures require higher rota-
tional speeds to avoid sliding. Meanwhile, the low casting tem-
perature will cause the casting surface to be rough, and the gas 
porosity appears. Casting temperature affects the rate of freezing 
and the amount of segregation that occurs [10]. 
Evaluation of the copper-aluminum bimetallic interface shows 

that the primary layer's freezing time is calculated based on the 

Chornief equation [10]. The pouring of the second metal liquid 

after a different time will change the components' interface tem-

perature. Interfacial diffusion capability and hardness depend on 

the temperature of the copper and aluminum when casting in the 

mold. The intermetallic structure, which is brittle, will decrease 

if the pouring temperature is low. Metallurgical bonds will be-

come strong if the pouring temperature is suitable and reduced 

impurities or metal oxides [10]. Defects that form in the bime-

tallic are due to a delay when pouring molten copper after solid-

ification of the aluminum. This causes the formation of metal-

lurgical bonds at the interface to improperly formed [9]. 

The strength of the aluminum-copper bond at the interface has 

resulted from bonding the intermolecular and intermetallic com-

pounds of the two metals being held together. The higher the 
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casting temperature will increase the bond strength of the two 

metals interface. However, if the temperature is too high, it will 

result in the emergence of a new phase, which is brittle and lower 

strength [10]. 

The interface bond between metals in centrifugal casting is in-

fluenced by rotation speed [9]. One of the bonds formed at the 

interface is the quasicrystalline and intermetallic phases, which 

are embedded in the Al-FCC matrix. This phase has stability and 

high mechanical strength (4-7 times from before) [15]. The me-

chanical, physical, and chemical properties of the intermetallic 

phase are very different from those of the two constituent metals. 

The development of bimetal bushings with centrifugal casting 

continues, but there is no recommendation yet for suitable tem-

perature and speed to produce a sound product. Analysis and 

evaluation are carried out on product and interface defects to 

have high hardness and wear resistance. The research is con-

ducted to determine the rotation of the mold in the centrifugal 

casting in order to produce appropriate integration at the inter-

face. 

 

MATERIAL AND METHODS 
 

The materials used in this research were aluminum and copper. 

The main compositions of aluminum and copper were shown at 

Table 1 (tested by a spectrometer with IK 5.4-1-1 method).  
 

Table 1 Chemical composition  of materials (wt.%) 
 

Alloy 

Composition (wt.%) 

Al Cu Si Fe Mn Zn Ni 

Al 92.33 0.48 4.93 0.68 0.21 0.98 0.03 

Cu 0.09 99.63 0.02 0.01 0.01 0.12 0.06 

 

Aluminum-copper bimetallic bushing was produced by vertical 

centrifugal casting. Aluminum was melted at a temperature of 

750 ºC, while copper was melted at a temperature of 1200 ºC. 

The molten metal was poured into a rotating sand mold with a 

constant filling speed of about 0.15 kg s-1. First, aluminum was 

poured into the mold, and then after the aluminum temperature 

was 400 ºC, copper was poured into the mold to form aluminum-

copper bimetallic in the form of a bushing. Molten metal pouring 

was carried out alternately. The variations of the rotational speed 

of the centrifugal casting mold were 250, 300, and 350 rpm. The 

schematic product of bushing can be seen in Fig. 1. Bushings 

had 35 mm and 25 mm diameters for outer and inner, respec-

tively, with a height of 30 mm. The thickness of aluminum and 

copper is 2.5 mm each. 
               

 
Fig. 1 The schematic product of bushing 

 

The observations carried out in this research included micro-

structures in the interface of bimetal. The microstructure charac-

terization was analyzed using a metallurgical microscope (PME 

3, Olympus, Japan) and SEM-EDS (Quanta x50 SEM Series). 

Preparation was done with #180 to #1000 sandpapers to obtain 

a smooth surface, then metal polished. While to uncover the mi-

crostructure (etching process), a hidroflouride (HF) was used in 

aluminum, while an HNO₃ 60% was used in copper.  

The tests done in this research included hardness and wear tests. 

The hardness was obtained in the interface between aluminum 

and copper samples using a hardness micro Vickers tester 

(HMV-M3, Shimadzu, Japan). The distance among each test 

point of the hardness test was 50 µm with a load of 50 gf, which 

is hold for 5s. The wear test was carried out on the interface be-

tween aluminum and copper samples using universal wear 

(Riken Ogoshi's, Tokyo, Japan) with a load of 6.36 kgf as far as 

15 m. 

 

RESULTS AND DISCUSSION 
 

Results  

Fig. 2 shows the microstructure at the bimetal interface with var-

iations in rpm.  

 

 
 

 
 

 
Fig. 2 The microstructure at the bimetal interface of Al-Cu, pro-

duced with 250 rpm (a); 300 rpm (b); and 350 rpm (c) 

 

Based on the observations, it can be seen that all products with 

variations in rpm occur Al-Cu intermetallic compounds (IMCs). 

It is similar with previous research [10, 16]. The thickness of 

IMCs increases in line with the increase of the mold rotation. 
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The thicknesses of IMCs for the products with the rotation of 

250, 300, and 350 rpm were 33, 37, and 41 µm, respectively. 

 

 
Fig. 3 (a) Microstructure at the interface with inference compo-

nent, (b) the hardness of each interface  

 

The microstructure at the interface with the inference component 

(based on SEM-EDS) can be seen in Fig. 3(a). Based on the ob-

servation, in the Al2Cu interface (layer 2) and Al4Cu9 are 

formed, while at the AlCu interface (layer 1) is formed. The re-

sults of this observation are similar to previous studies [16]. The 

width of interface layer 2 of Al2Cu and Al4Cu9 regions is almost 

the same for about 20 µm. While the width of the interface layer 

1 is about 2 µm.   

The hardness test results in the interface area can be seen in Fig. 

3 (b). The hardness at interface layer 2 and layer 1 is increased 

compared to the hardness of the base metal. The hardness of alu-

minum (150 VHN), which is made at 350 rpm, increases at the 

Al2Cu interface layer (500 VHN) then reaches the highest hard-

ness at the AlCu interface layer (624 VHN). The hardness drops 

on the interface layer Al4Cu9 (300 VHN), then decreases again 

in the copper area (114 VHN). The trend of hardness looks sim-

ilar between specimens with variations in rpm. The hardness is 

particularly affected by the kind of phase of the microstructure 

[17]. 

Fig. 4 shows the wear of the bimetal interface. The wear of alu-

minum, Al2Cu, Al4Cu9 interface and copper are 1.7E-07, 9.7E-

08, 1.3E-07, and 6.6E-07    mm3kg-1m-1 respectively. The wear 

interface is 1.7 times higher than aluminum and 6.8 times higher 

than copper. 

 

 
Fig. 4 The wear of bimetallic interface 

 

Discussion  
The aluminum-copper bimetallic of interface bonding made by 

centrifugal casting in variations of rpm occurs well. The 

interface width increases in line with the increase of mold 

rotation. The bimetallic interface widths made with rpm 250, 

300, and 350 are 33, 37, and 41 µm, respectively. The molten 

metal pressure increases due to the centrifugal and tangential 

force acting on molten metal when entering the mold [3,18]. The 

high rotation during pouring increases the driving force of the 

molten metal into the mold. This condition results in better 

bonding at the interface. Interfaces are formed because of the 

bonds between atoms so that no new phases are formed [10]. 

From the microstructure observations in several places, it was 

seen that there were impurities in the interface area caused by 

metal oxides and protective oxides of the two materials. Based 

on observations, there are more impurities in the Al4Cu9 

interface. There are correlations between the microstructure with 

the mechanical properties [19]. The pressure of the molten metal 

cannot remove the metal oxide, so that there is no special bond 

at the interface. If there are impurities, the two metals separate, 

and a diffusion bond does not form between them. The least 

impurities at the interface occur in bushings made at 350 rpm. 

The rotational speed of the mold when pouring increases the 

liquid pressure distributed into the mold [1]. This reduces the 

number of product defects [14], one of which is oxide impurities. 

The hardness of the interface area is higher than that of the 

constituent metals. The hardness of aluminum and copper at a 

distance of 0.4 mm is the same as the hardness of the base metal. 

The hardness of the interface increased up to 650 VHN (≥ 4 

times base metal). The higher the rotation of the mold when 

pouring causes the hardness at the interface to be higher. 

Increased hardness happens due to the formation of hard 

aluminum carbides. 

The increase of wear on the interface area (layer 2) is caused by 

the formation of hard Al2Cu, AlCu, and Al4Cu9. However, 

higher hardness does not always lead to better wear resistance. 

Hardness is should not necessarily be considered the most 

critical factor in assessing the wear resistance of a material [20]. 

There is a correlation between wear behavior with surface 

topography [20]. However, because the surface topography is 

prepared in similar conditions, hardness is a major factor in wear 

resistance. 
 

CONCLUSION 

The conclusions of this research are: 

1. The width of the interface increases as the mold rotation 

increases during the pouring process. 

2. The interface hardness and wear are increased compared 

to the base metal. 

3. Centrifugal casting with 350 rpm is recommended for 

aluminum-copper bimetal bushing applications. 
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ABSTRACT  

A mathematical equation has been derived that describes impurity distribution in ingot after second pass of zone refining. While an 

exponential impurity distribution is calculated by a simplified model after first pass, second pass is described by mixed linear - expo-

nential model. Relationship of transformed impurity concentration is constant over whole length of semi-infinite ingot for first pass. 

However, it has linear trend for second pass. Last part of molten zone at infinity solidifies differently and can be described mathemat-

ically as directional crystallization. A mathematical tool devised for second pass of zone refining can be tried to be used for derivation 

of functions of more complex models that would describe impurity distribution in more realistic way compared to simplified approach. 

Such models could include non-constant distribution coefficient and/or shrinking or widening molten zone over a length of ingot. 

 

Keywords: zone refining; second pass; mathematical description of impurity distribution 
 

 

INTRODUCTION 

 
A distribution of impurities between liquid and solid phase dur-

ing crystallization was recognized many years ago. These phe-

nomena were already mentioned by Nerst in his paper about the-

ory of the kinetics of heterogeneous reactions in 1904 [1].  

A zone refining (zone melting) technique is known almost one 

century. It is based on a different concentration of impurity in 

solid and liquid at their phase boundary. According to Feigelson 

first reported use of zone melting was by Kapica in 1928 [2 and 

citation thereof].  

Among other scientists W. G. Pfann worked intensively on the-

ory and practice of zone melting and other improved techniques 

of this kind. He describes them in his book [3]. When ingot with 

evenly distributed impurity over its whole volume is treated by 

zone refining, an impurity accumulates - when distribution co-

efficient is less than one – in melt.  Mathematical equation de-

scribing distribution of impurity after first pass can be written in 

a form 

 

𝑐𝑠1(𝑥) = 𝑐0 + 𝑐0 ∙ (𝑘 − 1). 𝑒
−𝑘.𝑥

ℎ                      (1.) 

 

where “cs1(x)” is concentration of impurity in solid phase after 

first pass, “c0“ is initial concentration of evenly distributed im-

purity, “k” is distribution coefficient (ratio of impurity concen-

tration in solid and liquid phase), “h” is width of molten zone 

and “x” is distance from beginning of ingot. Equation (1) holds 

when width of molten zone is constant during zone melting, 

cross-section area is constant, “k” keeps constant, no volume 

changes take place during solidification, mixing of melt is per-

fect and no diffusion takes place in solid phase. An above equa-

tion is valid for full ingot length except for last molten zone 

which solidifies fractionally [3]. Equation (1) is sometime as-

cribed to Pfann, however he gives credit for derivation of this 

equation to W. T. Read [4]. 

In a chapter about multi-pass zone melting in [3] Pfann mentions 

“It would be most helpful to have a general equation that ex-

presses solute concentration as a function of distance, for any 

number of passes through an ingot of specified length. No such 

equation has been derived. While the concepts of zone refining 

are simple, it is apparently difficult to describe multi-pass oper-

ations mathematically.“ Therefore several mathematical meth-

ods were devised to cope with this problem, e.g. [5-10]. They 

are, in principle, iterative numerical methods.  

Situation with mathematical solution of zone melting has 

changed when powerful computer become readily available. 

Specific simulation software can be written and run where dy-

namic changes during zone melting can be analyzed [11-13 and 

citations thereof]. Although simulations are helpful, data need to 

be fed into software which is specific to the analyzed parame-

ters. 

 

METHODS 

 
Mathematical description of impurity distribution during 

second pass of zone refining 

The details of method for evaluation of mathematical equations 

describing impurity distribution after second pass of zone refin-

ing is shown in Appendix.  

Integral material balance equation of zone refining for second 

and higher passes was “resistant to solution” for almost 70 years. 

Finally, application of multidisciplinary approach and transfor-

mation of integral equation into its differential form proved 

fruitful leading to an analytical solution.  
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RESULTS AND DISCUSSION 
 

Resulting equation of impurity distribution after second pass of 

zone refining is as follows: 

 

cs2(𝑥) = 𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ (2 − 𝑒−𝑘) ∙ 𝑒
−𝑘.𝑥

ℎ  

+
𝑘

ℎ
∙ 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒−𝑘 ∙ 𝑥 ∙ 𝑒

−𝑘.𝑥
ℎ  

(2.) 

 

It can be written in more convenient way as: 

 

cs2(𝑥) = 𝑐0 ∙ [1 + (𝑎2,0 + 𝑎2,1 ∙ 𝑥) ∙ 𝑒
−𝑘.𝑥

ℎ ] 

   
(2a.) 

where 

 

𝑎2,0 = 𝑎1,0 ∙ (2 − 𝑒−𝑘); 

  𝑎2,1 = 𝑎1,0 ∙
𝑘

ℎ
∙ 𝑒−𝑘;   

 𝑎1,0 = 𝑘 − 1 

(2b.) 

 

Boundary concentration, i.e. concentration of impurity at posi-

tion x=0 is k.c0 for first pass. It is intuitively expected that 

boundary concentration should, at position x=0, equal k2.c0 for a 

second pass. However, as follows from equation (2) boundary 

concentration is different. Reason for it is as follows: impurity 

is evenly distributed over whole volume of ingot before first 

pass. Concentration of impurity in first molten zone with width 

of “h” is constant and equals c0. Therefore ingot at position x=0 

solidified with impurity concentration k.c0. This is not valid for 

second pass since distribution of impurity over a volume of ingot 

is not constant anymore. It needs to be calculated as average con-

centration within molten zone as follows 

 

𝑐𝐿2(0 ÷ ℎ) =
1

ℎ
∙ ∫ (𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒

−𝑘.𝑡

ℎ ) ∙ 𝑑𝑡
ℎ

0
=

1

ℎ
∙ (𝑐0 ∙

ℎ − 𝑐0 ∙
ℎ

𝑘
∙ (𝑘 − 1) ∙ 𝑒−𝑘 + 𝑐0 ∙

ℎ

𝑘
∙ (𝑘 − 1))                         (3.) 

 

Ingot at boundary position x=0 solidifies as  

 

𝑐𝑠2(0) = 𝑘 ∙ 𝑐𝐿2(0 ÷ ℎ) =
𝑘

ℎ
∙ (𝑐0 ∙ ℎ − 𝑐0 ∙

ℎ

𝑘
∙ (𝑘 − 1) ∙ 𝑒−𝑘 +

𝑐0 ∙
ℎ

𝑘
∙ (𝑘 − 1)) = 𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ (2 − 𝑒−𝑘)                  (4.) 

 

Visualization of impurity distribution after second pass of 

zone refining 

Surface of impurity concentration as a function of ingot length 

and distribution coefficient with dimensionless molten zone 

width of 0.2 is shown in Fig. 1. All units are arbitrary. Isolines 

of distribution coefficient run from left to right.  

 
Fig. 1 Surface of impurity concentration as a function of ingot 

length and distribution coefficient [19] 

 

Surface of impurity concentration as a function of ingot length 

and molten zone width with distribution coefficient of 0.2 is 

shown in Fig. 2. All units are arbitrary. It is seen in Fig. 2 that 

efficiency of impurity removal increases non-linearly with in-

creasing molten zone width. 

 
Fig. 2 Surface of impurity concentration as a function of ingot 

length and molten zone width [19] 

 

Linearization of impurity distribution equations for first 

and second pass of zone refining 

It is worth to note an interesting property of equation (1) and (2). 

When constant c0 is subtracted from both sides, then both sides 

are divided by exponential member and initial impurity concen-

tration the following relations hold: 

 
𝑐𝑠1(𝑥)−𝑐0

𝑐0∙𝑒
−𝑘.𝑥

ℎ

= (𝑘 − 1)                                                                (5.) 

 
cs2(𝑥)−𝑐0

𝑐0∙𝑒
−𝑘.𝑥

ℎ

= (𝑘 − 1) ∙ (2 − 𝑒−𝑘) +
𝑘

ℎ
∙ (𝑘 − 1) ∙ 𝑒−𝑘 ∙ 𝑥         (6.) 

 

Left side of equation (5) is constant for all values of independent 

variable (length of ingot) while in case of equation (6) it keeps 

linear trend. Note, that both sides of equation (5) and (6) are di-

mensionless. 

  

CONCLUSION 
 

A mathematical description of impurity distribution in ingot af-

ter second pass of zone refining has been derived using integral-

differential approach. It is of mixed linear - exponential type.  

From a mathematical point of view an integral – differential ap-

proach seems worth to try in search of equations for more com-

plex models of zone refining such as non-constant distribution 

coefficient and/or shrinking or widening of molten zone over 

length of ingot. 

Efficiency of impurity removal depends non-linearly on both 

distribution coefficient as well as molten zone width.  
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Appendix 

Evaluation of equation for second pass of zone melting 

Distribution of impurity in zone refined ingot after first pass is 

mathematically described by eq. (1). Distribution of impurity 

during second pass is schematically shown in Fig. 3. This ap-

proach is based on material balance before and after second pass. 

A problem with end part of ingot can be solved mathematically 

as zone refining of semi-infinite sample. From a practical point 

of view, last ingot zone with width of “h” can be treated as frac-

tional solidification. It accumulates high concentration of impu-

rity.  

 
Fig. 3 Schematic distribution of impurity during second pass of 

zone refining 

 

Material balance equation of impurity distribution for second 

pass that follows after first pass of zone refining can be written 

as follows 

∫ cs2(𝑡) ∙ 𝑑𝑡
𝑥

0
+

ℎ

𝑘
∙ cs2(𝑥) = ∫ (𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒

−𝑘.𝑡

ℎ ) dt
𝑥+ℎ

0
   

                 (7.) 

Right side of equation (7) can be evaluated as it is known func-

tion describing impurity distribution in ingot after first pass. 

Then a substitution 𝑦 = ∫ 𝑐2𝑠(𝑡) ∙ 𝑑𝑡
𝑥

0
 is applied. Second mem-

ber of equation (7) on left side is thus  𝑦´ =
𝑑𝑦

𝑑𝑥
 multiplied by  

ℎ

𝑘
. 

Equation (7) can be written in a form 

 

𝑦 +
ℎ

𝑘
∙ 𝑦´ = 𝑔(𝑥)                                                                   (8.) 

 

where 

𝑔(𝑥) = ∫ (𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒
−𝑘.𝑡

ℎ ) 𝑑𝑡

𝑥+ℎ

0

 

Multiplying both sides of equation (7) by  
𝑘

ℎ
  gives non-homoge-

neous linear differential equation of first order [15] in a form 

 
𝑘

ℎ
∙ 𝑦 + 𝑦´ =  

𝑘

ℎ
∙ (𝐿 + 𝑐0 ∙ 𝑥 − 𝑀 ∙ 𝑒

−𝑘.𝑥

ℎ  )                               (9.)  

where 

𝐿 = 𝑐0 ∙ ℎ +  
ℎ

𝑘
∙ 𝑐0 ∙ (𝑘 − 1) 

𝑀 =
ℎ

𝑘
∙ 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒−𝑘 

 

This kind of differential equations is used to solve integral-dif-

ferential problems, e.g. [16-18] – integral equation (7) is trans-

formed into differential form (9). 

General solution of equation (9) is [15]: 

 

𝑦 =
1

𝐸(𝑥)
∙ (∫ 𝐸(𝑥) ∙ 𝑔(𝑥) ∙ 𝑑𝑥 + 𝐶)                  (10.) 

 

𝑤ℎ𝑒𝑟𝑒   𝐸(𝑥) = 𝑒∫ 𝑓(𝑥)∙𝑑𝑥 = 𝑒
𝑘.𝑥

ℎ                    

                                            

Integrating function g(x) in equation (8) and inserting result into 

equation (9) gives a solution 

 

𝑦 = (𝐿 + 𝑐0 ∙ 𝑥 −
ℎ

𝑘
∙ 𝑐0 −

𝑘

ℎ
∙ 𝑀 ∙ 𝑥 ∙ 𝑒

−𝑘.𝑥

ℎ + 𝐶 ∙ 𝑒
−𝑘.𝑥

ℎ )        (11.) 

 

Constants L and M are shown in equation (9), constant C need 

to be evaluated from boundary condition – equation (4). As fol-

lows from equations (7), (8) and (11), a final form of mathemat-

ical description of impurity distribution after second pass of 

zone refining can be written as  

 

cs2(𝑥) =
𝑑𝑦

𝑑𝑥
= 𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ (2 − 𝑒−𝑘) ∙ 𝑒

−𝑘.𝑥

ℎ +
𝑘

ℎ
∙ 𝑐0 ∙

(𝑘 − 1) ∙ 𝑒−𝑘 ∙ 𝑥 ∙ 𝑒
−𝑘.𝑥

ℎ                      (12.) 

 

Verification of equation for second pass of zone refining 

Check of correctness of derived equation (2) for second pass of 

zone refining is done by inserting of equation (1) and (2) into 

material balance equation (7): 

 

∫ (𝑐0 + 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒
−𝑘.𝑡

ℎ ) ∙ 𝑑𝑡
𝑥+ℎ

0
= 𝑐0 ∙ (𝑥 + ℎ) −  

ℎ

𝑘
∙ 𝑐0 ∙

(𝑘 − 1) ∙ 𝑒−𝑘𝑒
−𝑘.𝑥

ℎ +
ℎ

𝑘
∙ 𝑐0 ∙ (𝑘 − 1)               (13a.) 

 
ℎ

𝑘
∙ cs2(𝑥) =

ℎ

𝑘
∙ 𝑐0 +

ℎ

𝑘
∙ 𝑃 ∙ 𝑒

−𝑘.𝑥

ℎ +
ℎ

𝑘
∙ 𝑄 ∙ 𝑥 ∙ 𝑒

−𝑘.𝑥

ℎ               (13b.)  

https://doi.org/10.1016/C2011-0-04376-4
http://www.gnuplot.info/
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where 

 

𝑃 = 𝑐0 ∙ (𝑘 − 1) ∙ (2 − 𝑒−𝑘) 

𝑄 =
𝑘

ℎ
∙ 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒−𝑘 

 

  ∫ cs2(𝑡) ∙ 𝑑𝑡 =
𝑥

0
𝑐0 ∙ 𝑥 − (

ℎ

𝑘
∙ 𝑃 + 𝑄 ∙

ℎ2

𝑘2
) ∙ 𝑒

−𝑘.𝑥

ℎ − 𝑄 ∙
ℎ

𝑘
∙ 𝑥 ∙

𝑒
−𝑘.𝑥

ℎ  +
ℎ

𝑘
∙ 𝑃 + 𝑄 ∙

ℎ2

𝑘2
                                                         (13c.) 

 
ℎ

𝑘
∙ 𝑃 + 𝑄 ∙

ℎ2

𝑘2
+

ℎ

𝑘
∙ 𝑐0 + 𝑐0 ∙ 𝑥 − 𝑄 ∙

ℎ2

𝑘2
∙ 𝑒

−𝑘.𝑥

ℎ  +
ℎ

𝑘
∙ 𝑃 ∙ 𝑒

−𝑘.𝑥

ℎ −

ℎ

𝑘
∙ 𝑃 ∙ 𝑒

−𝑘.𝑥

ℎ +
ℎ

𝑘
∙ 𝑄 ∙ 𝑥 ∙ 𝑒

−𝑘.𝑥

ℎ −
ℎ

𝑘
∙ 𝑄 ∙ 𝑥 ∙ 𝑒

−𝑘.𝑥

ℎ = 𝑐0 ∙ (𝑥 + ℎ) −

 
ℎ

𝑘
∙ 𝑐0 ∙ (𝑘 − 1) ∙ 𝑒−𝑘𝑒

−𝑘.𝑥

ℎ +
ℎ

𝑘
∙ 𝑐0 ∙ (𝑘 − 1)            (14.) 

 

Last four members on left side of equation (14) cancel each other 

and remaining members on left and right side are equal – mate-

rial balance equation (7) is satisfied.  
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ABSTRACT  

Measurement while drilling (MWD) has been widely used in petroleum drilling engineering because it can realize borehole trajectory 

monitoring and improve the drilling speed. However, the slurry erosion will deteriorate and shorten the life of MWD. A user-defined 

function (UDF) code was developed to calculate the particle properties (particle impact velocity, particle impact angle and particle 

impact number) and erosion depth to understand the erosion process. The results show that the Realizable κ-ε model can accurately 

predict the erosion profile and the erosion depth is consistent with the experiment results. Furthermore, high pressure will aggravate 

surface damage and expand the area of slurry erosion. It has been demonstrated that computational fluid dynamics (CFD) and exper-

imental approach can be used to identify and explain the erosion mechanisms in different regions where the surface morphologies 

reveal four erosion patterns, namely, micro-cutting, cracks, pits and plastic deformation. 

 

Keywords: MWD; Slurry erosion; Copper alloy; High pressure; CFD 
 

 

INTRODUCTION 
 

Measurement while drilling (MWD) is a kind of advanced drill-

ing equipment, which has been widely applied because it can 

realize well trajectory monitoring and improve the drilling effi-

ciency. In drilling operations, sand can provide the energy 

needed to break hard rock in a fast and cost-effective manner 

[1,2]. On the other hand, sand particles can bring about various 

problems, such as pressure drop, pipe blockage and erosion [3]. 

When solid particles in the fluid impact the copper alloy barrel 

of MWD, the equipment is prone to damage and failure, result-

ing in huge economic losses [4,5]. Therefore, in order to ensure 

the safe operation of MWD instrument and reduce the damage 

caused by the slurry erosion, an accurate erosion prediction is 

prerequisite. 
The slurry erosion is a very complex phenomenon, which is af-
fected by many factors such as particle impact velocity, particle 
impact angle and particle impact number and mechanical prop-
erties of barrel materials. For brittle materials [6], the erosion is 
mainly caused by cracking and peeling of barrel materials. For 
ductile materials [7-9], the erosion is generated by a series of 
repeated micro-plastic deformations. 

In order to study the erosion rate and establish an erosion model, 

the Slurry Pot Erosion Test, Coriolis Test, Direct Impingement 

Jet Test and Pipe Loop Test [10-12] are provided to carry out 

standard experimental tests. DVN [13], E/CRC [14], Oka [15, 

16], Grant and Tabakoff [17] erosion models are widely used 

owing to their relative simplicity and accuracy. However, in the 

fully automatic drilling environment, the determination of 3D 

erosion distribution is still challenging due to the long time and 

high cost of wall thickness monitoring. Computational fluid dy-

namics (CFD) can estimate particle microscopic characteristics 

that cannot be observed in the experimental methods. It is widely 

used for particle erosion prediction of related geometric shapes 

such as pipelines, tee pipes at sudden expansions and contrac-

tions [18-20]. However, no CFD investigation to date has been 

conducted to examine the slurry erosion behaviors of copper al-

loy barrel of WMD. 
In the present, a combined numerical and experimental approach 
was used to investigate the erosion-induced surface evolution as 
well as the erosion mechanisms on the surface of the MWD bar-
rel. CFD simulation results are helpful to make an insight into 
the particles impact on MWD barrel surface and the process of 
removing the material. 
 

EXPERIMENTAL PARAMETERS 
 

MWD testing system is mainly composed of ground equipment 

and downhole measuring instruments as shown in Fig. 1. Parti-

cles are irregularly shaped quartz sand with a density of 2450 
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kg/m3 and the diameter in the range of 0.1~ 0.3 mm. The vis-

cosity of the drilling fluid is 47.5CP and the density is 1325 

kg/m3. Detailed composition of MWD barrel and experimental 

conditions are shown in Table 1 and Table 2. The relation be-

tween drilling fluid velocity u and fluid flow Q is referred to Eq. 

(1): 
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Fig. 1 Schematic of the experimental facility. (a) MWD testing 

system, (b) MWD barrel (mm) 

 

𝑢 =
𝐶 ∙ 𝑄

2.448 × 𝐷2                                                                             (1. ) 

 

Q (L/s) is the fluid flow, C (3.117) is the empirical coefficient, 

and D (0.083 m) is the length scale of the fluid.  

The total mass loss of MWD barrel was measured by the elec-

tronic balance. The local erosion depth and surface morphology 

were characterized by Super Depth 3D microscope (Keyence, 

VHX-6000). 

 

Table 1 Experimental conditions 

Condi-

tions 

Fluid 

flow 

(L/s) 

Particle 

concentra-

tion (%) 

Working 

pressure 

(MPa) 

Testing 

time (h) 

Test 1 55 0.5 0 200 

Test 2 35 0.5 20 200 

Test 3 15 0.5 20 200 

 

Table 2 Physical properties and composition of Cu-Be (QBe2) 

alloy barrel of MWD 

Mate-

rial 

Density 

(kg/m3) 

Hard-

ness 

(HB) 

Young's 

modulus, 

E (GPa) 

Pois-

son's 

ratio, υ 

Yield 

strength 

(MPa) 

QBe2 8300 213 128 0.27 195 

Composition (wt. %) 

Be Ni Fe Al Si Cu 

1.86 0.21 0.07 0.03 0.02 Bal 

 

NUMERICAL SIMULATION 

 
3.1. Discrete phase model 

The motion of particles is solved by Newton 's second law in the 

Lagrangian frame [21,22], which can be expressed as: 

 

𝑑𝑣𝑝

𝑑𝑡
= 𝐹𝐷(𝑢 − 𝑣𝑝) + 𝑔

(𝜌𝑝 − 𝜌)

𝜌𝑝
+ 𝐹                                      (2. ) 

 

𝐹𝐷 =
18𝜇𝐶𝐷𝑅𝑒𝑝

24𝜌𝑝𝑑𝑝
2  , 𝑅𝑒𝑝 =

𝜌𝑑𝑝|𝑢 − 𝑣𝑝|

𝜇
                            (3. ) 

 

where FD is the drag force per unit particle mass. In this study, 

F represents the additional force and the pressure gradient per 

unit particle mass, g is the acceleration of gravity. vp, ρp, dp, CD 

and Rep are the particle velocity, density, diameter, drag coeffi-

cient and the Reynolds number, respectively.  

The particle-wall interaction not only affects the velocity and 

angles, but also the trajectory of particles. The particle rebound 

model proposed by Forder et al [23] can be described as: 

 

𝑒𝑛 = 0.988 − 0.78𝜃 + 0.19𝜃2 − 0.024𝜃3 + 0.027𝜃4        (4. ) 

 

𝑒𝑡 = 1 − 0.78𝜃 + 0.84𝜃2 − 0.21𝜃3 + 0.028𝜃4 − 0.022𝜃5       (5. ) 
 

where en and et are the normal and tangential restitution coeffi-

cients, respectively. θ (rad) is the particle impact angle.  

 

3.2. Erosion model 

Oka erosion model [15, 16] is obtained on the basis of a large 

number of erosion experiments. The relationship between 

K(α·HV)k
1
b and E90 at reference impact velocity can be derived 

based on Oka experimental results. The function of SiO2~Cu is 

described as [16]: 

 

𝐾(𝛼 · 𝐻𝑉)𝑘1𝑏 ≈ 81.714(𝐻𝑉)−0.15                                            (6. ) 

 

𝐸𝑅 = 10−9 × 𝜌𝑤 ∙ 𝐾(𝛼 𝐻𝑣)𝑘1𝑏 (
𝑉

𝜈𝑟𝑒𝑓
)

𝑘2

(
𝑑𝑝

𝑑𝑟𝑒𝑓
)𝑘3𝑔(𝜃)      (7. ) 

 

𝑘2 = 2.3(𝐻𝑉)0.038,            𝐻𝐵 =
𝐻𝑉 + 0.1023

0.0108
                    (8. ) 

 

The ER (kg/kg) is defined as the mass of removed material from 

the sample divided by the mass of erodent impacting the surface. 

ρw and HV (GPa) are the density and Vickers hardness of the 

target material, respectively. dref and vref are the reference parti-

cle diameter (326 μm) and the velocity (104 m/s) of the particle, 

respectively. k2 is the particle impact velocity exponent, k3 is de-

termined by the properties of the particle. The detailed parame-

ters are listed in Table 3. 

The impact angle function g(θ) is defined by: 

 

𝑔(𝜃) = (𝑠𝑖𝑛𝜃)𝑛1(1 + 𝐻𝑉(1 − 𝑠𝑖𝑛𝜃))𝑛2                                  (9. ) 

 

𝑛1 = 0.71(𝐻𝑉)0.14, 𝑛2 = 2.4(𝐻𝑉)−0.94                        (10. ) 

 

where n1 and n2 are determined by the particle properties and the 

eroded material hardness. The impact angle function g(θ) of 

SiO2~QBe2 is shown in Fig. 2. 

Furthermore, in the present a user defined function (UDF) code 

is developed into the ANSYS FLUENT software to calculate the 

erosion depth and total mass loss: 

 

∆𝑊 = ER ∙ 𝑚𝑖 ∙ 𝑡 × 1000, ∆h𝑖 =
𝐸𝑅𝑖 ∙ 𝑚𝑖 ∙ 𝑡

𝜌𝑤 ∙ 𝐴𝑖

× 1000        (11. ) 

 

where ∆hi (mm) and ∆w (g) are the erosion depth and total mass 

loss, respectively. t (s) is the test time. mi (kg/s) is the mass rate 

of particles impacting the computational cell area Ai (m2). 
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Fig. 2 The erosion arising from repeated plastic deformation and 

cutting action according to Eq. (9)-(10) 
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Table 3 Parameters for Oka erosion model 

Material type 
QBe2 

(C17200) 

Model constant, 

n2 
1.14 

Particle type Angular SiO2 
Velocity expo-

nent 
2.37 

Reference 

erosion rate 
0.0006026 

Diameter expo-

nent 
0.19 

Wall material 

Vickers 

(GPa) 

2.2 
Reference diame-

ter (m) 
0.000326 

Model con-

stant, n1 
0.79 

Reference veloc-

ity (m/s) 
104 

 

3.3. Computational mesh and geometry 

Fig. 3 shows the simplified geometry and the mesh used in the 

CFD simulation. Three kind of meshes as shown in Fig.4 were 

created by ICEM to conduct the mesh refinement study, with a 

refinement ratio of 1.5. 

The grid convergence method proposed by Roache [24] is used 

to analyze the uncertainty of the upstream average erosion rate 

caused by the grid refinement in Table 4. To obtain representa-

tive average velocity and turbulence fluctuations value of parti-

cle interaction in the near-wall cell, it is recommended to set the 

thickness of the first layer equal to the particle size [25-27]. The 

convergence index for coarse and intermediate meshes is 4.8% 

while intermediate and finer meshes is 0.84%. Meanwhile, the 

asymptotic range of convergence is 0.97 and the order of grid 

convergence is 4.39. As it can be seen, the intermediate mesh is 

sufficient to meet the simulation accuracy requirements. 

 

Table 4 Parameters setting of grid refinement study (Realizable 

κ-ε model) 

Mesh 

group 

Refine-

ment ratio 

The number 

of elements 

Average ero-

sion rate 

(kg/m2·s) 

Mesh 

1 

1 68640 5.96×10-6 

Mesh 

2 

1.5 220320 5.01×10-6 

Mesh 

3 

2.25 717810 4.85×10-6 

 

3.3. Boundary conditions and numerical schemes 

ANSYS FLUENT 2019 was used for numerical simulations. For 

complex flow problems involving pressure gradient and impact, 

non-equilibrium wall functions are recommended [28]. The 

boundary conditions adopt velocity inlet and pressure outlet. 

The turbulence specification method was used taking into ac-

count the turbulence intensity (5%) and hydraulic diameter 

(0.083 m). The Couple-Pseudo transient algorithm was used to 

solve the pressure-velocity coupling problem and QUICK dis-

cretization scheme was used to determine the momentum, the 

convection and divergence terms, and the PRESTO for the pres-

sure term. 

As the particle concentration is low, one-way coupling can be 

employed. The Rosin-Rammler model [29] is used to calculate 

the particle distribution. The average particle diameter is esti-

mated as 0.000181 m, the particle distribution exponent is 2.5 

and the non-spherical coefficient is 0.8. 

 

RESULTS AND DISCUSSION 
 

4.1. Turbulence model analysis 

Different types of turbulence models will lead to different tur-

bulence scales, which will lead to differences in particle trajec-

tory prediction. In this study, three turbulence models of Realiz-

able κ-ε, SST κ-ω and RSM are used to analyze the erosion rate 

of MWD barrel [30]. The experimental data from Test 1 was 

used to determine which model performed best in predicting the 

overall erosion profile. 

As can be seen from Table 5, the total mass loss of RSM model 

and SST κ-ω model is close to the experiment values, while the 

Realizable κ-ε model is obviously over-predictive in the down-

stream of MWD. The significant erosion localization is found by 

the SST κ-ω model and RSM model in Fig. 5(b) and (c), but the 

experimental erosion profile is dispersed and randomly distrib-

uted. In comparison with the experimental data, the erosion 

depth and erosion profile predicted by the SST κ-ω model and 

RSM model are not as good as that by Realizable κ-ε model in 

Fig. 5(a) and Fig. 6. Therefore, the Realizable κ-ε model is se-

lected as turbulence model for the CFD simulation. 

 

Table 5 Comparison of total mass loss with different turbulence 

models 

Condi-

tions 

Realiza-

ble κ-ε 

(g) 

SST κ-ω 

(g) 

RSM (g) Experi-

ment (g) 

Test1 81.35 45.36 47.53 57.23 

Test2 21.18 11.08 11.25 23.28 

Test3 7.6 4.19 4.32 14.52 

 

 
Fig. 5 Contours of erosion depth with different turbulence mod-

els (Test1): (a) Realizable κ-ε, (b) SST κ-ω, and (c) RSM 
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Fig. 6 Comparison of average erosion depth with different tur-

bulence models (Test1) 

 

4.2. Comparison between CFD simulation and experimental 

results 

A combination of CFD calculation and experimental results is 

conducted to study the influence of fluid flow on the slurry ero-

sion process and erosion mechanism. Under different fluid 

flows, the erosion distribution of MWD barrel by the simulation 

and experimental results is shown in Fig. 7. The erosion wear is 

mainly distributed in the upstream of MWD barrel. 

Since the MWD barrel is not a plane, there is a curvature error 

in the radial direction. In the experiment measurements, it is 

noted that the erosion profile is distributed randomly. In order to 

reduce the measurement error, the multiple line data in the Y-

axis direction are extracted and averaged. For Test 1, the erosion 

wear is mainly distributed in the range of 200-210 mm. Gener-

ally the trend of erosion wear decreased gradually from the top 

to the bottom in the upstream of MWD barrel. CFD simulation 

can well predict the erosion profile, and the predicted erosion 

depth is relatively consistent with the experimental data as 

shown in Fig. 7(a) and Fig. 6. Under high pressure and high fluid 

flow (Test 2), the interaction between particle erosion and pres-

sure, the area of slurry erosion is expanded and the erosion depth 

is increased in Fig. 7(b) and Fig. 8. In the range of 205-210 mm, 

CFD can better predict the erosion depth, which is agreement 

(a)                                 (b)                                  (c) 

（b

） 
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with the experimental measurement. When Von Mises stress be-

comes larger in the range of 190-200 mm, plastic deformation 

caused by high pressure dominates, and it is difficult for the ex-

isting erosion model to predict complex conditions as shown in 

Fig. 8 [31, 32]. For Test 3, the erosion wear are negligible in 

comparison with the experimental measurement. Surface dam-

age may be caused by plastic deformation due to high pressure, 

resulting in a uniform concave in the middle and convex on both 

sides in the upstream of MWD barrel in Fig. 7(c). 

 

 

 
Fig. 3 Geometry and mesh of MWD barrel. (a) geometry, (b) computational domain, (c) upstream 

 

 
Fig. 4 Different density of mesh on the cross-section. (a) Coarse mesh, (b) Intermediate mesh, (a) Fine mesh 
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Fig. 7 Comparison between the actual erosion wear and the CFD predictions. (a) Test 1, (b) Test 2, (c) Test 3 
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Fig. 8 Comparison of the average erosion depth and Von Mises 

stress with actual erosion (Test 2) 

 

To further understand the erosion process and erosion mecha-

nism, the surface morphology of MWD barrel after erosion is 

observed by Super Depth 3D microscope. The erosion morphol-

ogy is mainly affected by the particle impact velocity, particle 

impact angle and Von Mises stress. Figure 9 shows the contours 

of erosion-related variables (such as erosion depth, particle im-

pact velocity, particle impact angle and sand mass per unit area) 

under different fluid flow. It can be seen that the fluid flow has 

a certain degree of influence on the shape of the erosion scar. As 

the particle velocity decreases, the ability of fluid flow to carry 

particles becomes stronger, and more particles will impact the 

surface of MWD barrel in the upstream with the fluid, and the 

impact angle will increase. Therefore, the combination of CFD 

simulation and experimental approach can be used to identify 

and explain the slurry erosion mechanism in different regions. 

 

 

 

 

 
Fig. 9 Contours of erosion-related variables (including erosion 

depth, particle impact velocity, particle impact angle and sand 

mass per unit area) with different fluid flow: Test 1 (a, d, g and 

j), Test 2 (b, e, h and k), Test 3 (c, f, i and l) 

 

Under high fluid flow (Test 1), small fragments were induced by 

the repeated cutting actions of high-velocity particles at low im-

pact angle. These fragments were washed away by the incoming 

slurry and subsequently removed from the material surface, re-

sulting in scratches and vulnerable lip formation [33,34] as 

(b)                   

(c)                   

(a)                                 (b)                                  (c) 

(d)                                 (e)                                  (f) 

(g)                                 (h)                                  (i) 

(j)                                 (k)                                  (l) 
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shown in Fig. 10(a) and (b). Under high pressure and high fluid 

flow (Test 2), the impact force of the particles becomes bigger, 

the pits form on the surface and are becoming larger and deeper 

in Fig. 10(c) and (d). In the middle of the upstream (195-200 

mm), the Von Mises stress and particle impact angle become 

bigger, plastic deformation and cracks caused by indentation 

dominate in Fig. 10 (e) and (f) [34-36]. Under high pressure and 

low fluid flow (Test 3), the particle impact velocity is relatively 

low, but the impact angle increases. The micro-pits and 

scratches form, resulting in a large number of micro-pits and 

scratches in Fig. 10(g) and (h). These slurry erosion characteris-

tics are very similar to the experimental study of slurry erosion 

results [34]. 

 

  

 
 

 
Fig. 10 Surface morphologies in different regions of MWD bar-

rel. (I) in the top of upstream (205-210mm): (a), (c), (d) and (g), 

(II) in the middle of upstream (195-200mm): (b), (e), (f) and (h) 

 

CONCLUSIONS 
 

1) The SST κ-ω and the RSM model predictions are insuffi-

cient in particle-fluid interaction, showing the obvious ero-

sion localization in the upstream of MWD barrel. The real-

izable κ-ε model can well predict the erosion profile and 

the erosion depth is consistent with the experiment results. 

2) Under high fluid flow, particle erosion wear is mainly dis-

tributed in the range of 200 ~ 210 mm, and the overall trend 

gradually decreases from the top to the bottom of MWD 

barrel; under high pressure and high fluid flow, particle 

erosion and pressure interaction further expand the area and 

the depth of slurry erosion; under high pressure and low 

fluid flow, the particle erosion is negligible, and plastic de-

formation caused by high pressure is dominant. 

3) A user defined function (UDF) code is developed to calcu-

late the particle characteristics to understand the slurry ero-

sion process and explain the erosion mechanisms. The im-

pact of particles at high velocity and low angle is domi-

nated by the cutting mechanism. Under high angle and high 

Von Mises stress, plastic deformation caused by indenta-

tion is dominated; for high velocity of particles, large pits 

and cracks are formed, and micro-pits and scratches form 

at low velocity particles. 
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