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Abstract

A 13% chromium white iron was produced using a stir cast process. Samples of the produced
white iron were austenised at 1450°C and then quenched in water to the room temperature. The
characterisation tools such as X-ray diffractometer, scanning electron microscope, Brinell hard-
ness tester and pin on disc machine were employed in the studies of the phase orientation and
morphology, hardness value measurement and investigation of wear behaviour. The results re-
vealed that water quenching the 13% chromium white iron led to the precipitation of fine iron
chromides and cementite in the matrix of martensite. Moreover, there is an about 22% to 45% in-
crease in hardness values of the as-cast 13% chromium white iron as the %composition of gra-
phite additions increased from 1.36 to 3.04. However, the impact energy values are sacrificed. The
increase in hardness values is attributable to hard intermetallic compounds such as iron chro-
mides and cementite phases in the iron matrix. Also, there is an about 32% - 42% increase in
hardness values of the heat treated samples of 13% chromium white iron when compared with
those of the as-cast. The increased hardness values are attributable to even distribution of the fine
intermetallic compounds in the fine grains of martensitic matrix. The wear rate increased as the
sliding moments per unit time increased due to increasing work done by the friction to oppose the
rotation of the pin on disc. The water quenched 13% chromium white iron samples have greater
wear resistances than the as-cast samples due to their greater hardness values than those of the
as-cast samples. The effect of speed increase on decreasing wear resistances is more pronounced
on the heat treated samples than on the as-cast samples. Hence, the water quenched 13% chro-
mium white iron is an excellent material in application requiring high wear resistance and low
impact energy especially in grinding mill liner plate, bottom or casing used in the concrete pipe
production, roller for crushing and pulverising mills.
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1. Introduction

The use of wear resistant castings or hard metal component in cement milling whether wet or dry mill is a well-
accepted principle and the potential cost savings that will accrue by much improved wear resistant over ordinary
forged white iron parts are realized in application all over the world [1] [2]. Majority of the internal wear com-
ponents of a ball mill are subjected to high impact wear. This development places a high premium on the prop-
erty required of such parts. Such wear part may be required to have maximum wear resistance at a level of
toughness considered adequate to withstand impact forces involved [3]. Usually manufacturers of wear resistant
castings are required to provide a level of assurance of freedom from premature failure since the replacement of
such parts and repair can result into lost production and unscheduled shutdown time. Thus there is a need to
compromise between two conflicting properties namely hardness and toughness which is a precondition for
castings suitable for use in dry milling of hard solid minerals. The type of wear process in a ball mill can be
classified as high abrasion and this will require an alloy that is high in chromium and carbon. It is interesting to
note that 13% chromium irons that are suitable for wear resisting applications fall within the compositional lim-
its bounded by the austenitic phase field of the ternary liquidus surface of the iron, chromium, carbon equili-
brium diagram. These alloys contain between 10% to 30% and the carbon 1.0% to 3.5%.

This falls within lines corresponding to Cr/C ratio of approximately 3.5 to 15.1. Solidification begins by a eu-
tectic process and all compositions within this family of alloys. The products of the eutectic reaction are auste-
nite and chromium rich carbides of (FeCr;)C; type. The eutectic morphology depends on the actual composition
relative to the eutectic point. In hypo eutectic, eutectic carbides solidify in the spaces between the primary aus-
tenite dendrites in the form of grain boundary lamellae [4] [5]. This structure changed completely to lamellae as
the eutectic point is reached. However, in the case of hyper eutectic alloys large hexagonal primary carbides re-
place the primary austenite. The actual carbides volume within the microstructure depends upon both the carbon
and chromium contents [6]. In all cases the microstructure at room temperature consists of eutectic or primary
carbides and austenite or one of its decomposition products.

The retain austenite in the irons is stable only at relatively high temperatures and under equilibrium conditions
is prone to transform to an aggregate of very fine carbides in a matrix of ferrite [7]. The transformation product
is called granular pearlite and is normally undesirable phase due to its very poor wear resistance [7]. There are
two basics alternatives for the elimination of pearlitic structures which usually result to severe spalling. The first
involves the prevention of pearlite formation by retaining austenite to room temperature and the second is to
heat treat to produce martensitic matrix [8]. The wear behaviour was analysed as a function of applied load in
the range of 50 - 250 N on titanium additions to 16% chromium white iron under pure sliding and the results re-
vealed that the precipitated small hard titanium carbides in the proeutectic austenite promoting the strengthening
of the matrix and thereby increased the bulk hardness of the alloy [5]. Effects of the ratio of C/Si, pig iron nodu-
lariser and alloying method on the microstructure and mechanical properties of the heavy section cast (ductile)
iron have been analysed and the result showed that antimony played an important role in the control of graphite
morphology [9]. A novel process in semi-solid metal casting for processing casting iron was developed and the
result revealed that the semi-solid metal casting effectively changed the dendritic structure of the as-cast metal
to the globular ones [10]. The increase in the carbon content of high-chromium cast irons causes a decrease in
the heat resistance and an increase in the rate of cracks propagation [11]. This work is aimed at studying the ef-
fects of increasing graphite additions and thermal treatment (water quenching) on the microstructure, mechani-
cal properties such as hardness, impact energy and wear resistance of 13% chromium white iron.

2. Material and Methodology
2.1. Materials

The charge makeup used in this work were sourced from Nigerian Foundry Limited Ilupeju Lagos state Nigeria.
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Two wooden patterns of 11 x 11 x 200 mm were used to produce five green sand moulds from a mixture of
dried fresh silica sand, bentonite, water and boiled starch with a cope and drag moulding boxes in accordance
with BS 14 standard.

2.2. Methodology

A charge makeup containing foundry returns, white iron scrap and cast irons was melted in a 500 kg capacity
neutral lined electric induction furnace. A weighted sample of fine graphite granules corresponding to 1.36 wt%
was added to the melt at 1540°C and the temperature was maintained constant for 15 minutes to allow the gra-
phite to dissolve after which it was poured into the mould. 1 kg of aluminium briquette was added to the melt
before pouring to reduce the tendency of oxidation reaction. The solified product of the melt represented the first
batch of the 13% chromium white iron. The procedure was repeated for additional four batches with increasing
wit% of graphite additions equivalent to 1.56%, 2.01%, 2.56% and 3.04% composition of the respective alloys.
The elemental composition was carried out on the raw materials and the produced 13% chromium white iron
with the aids of Hilger Analytical Direct Optical spectrometer, model E980C. 10 x 10 x 60 mm rectangular bars
were prepared from the as-cast 13% chromium white iron with the aids of Adcock Shipley Milling Machine,
Model 2E.

Some of the 13% chromium white iron bars were austenised at 1450°C; held at the temperature for 30 minutes
and finally quenched in water to room temperature. The count scores, orientation and the chemical formula of
phases present in the matrix of the 13% chromium white iron containing 1.36% graphite granules were deter-
mined with the aids of X-ray diffractometer. The microstructural analysis was carried out on both the as-cast and
heat treated rectangular bars of the 13% chromium white iron containing 1.36% graphite granule with the aids of
Scanning Electron Microscope model EVOMA 10 LaB6 Analytical VP-SEM at 20 KV.

The hardness values both of as-cast and heat treated rectangular bars of the 13% chromium white iron were
determined with the aids of Brinell Hardness Tester (Dynamic Hardness Tester by Fasne Test Equipment),
Model: DHT-6. The test was carried out at four different points on the surface of the samples and the average
reading was recorded.

The tribological behaviour of the as-cast and heat treated rectangular bars of 13% chromium white iron con-
taining 1.36 and 2.01 wt% graphite granules were studied with the aids of pin on disc machine. The wear test
was carried out on a 200 mm circular rotating disc with attached emery paper of 180 grit size. The initial weight
of the coupon before the test was measured with the aids of the digital electronic scale. The surface of the test
sample was placed against the rotating disc for a period of 60 s under different applied loads and speed. The
weight difference before and after the wear test were measured in grammes with the aids of digital electronic
scale. The same procedure was repeated on the same wear sample at increasing cycle time from 60 to 300 s at
interval of 60 s, keeping the applied load and speed constant and volume loss was calculated in each case using
Equation ().

The same procedures were repeated for the remaining samples.

Weight loss (w, ) = initial weight — final weight €))

The volume loss for each sample of experiments was calculated using Equation (2)

Volume loss = W )
P

The same processes were repeated on the same wear sample under increasing applied loads (10N, 12N, 14N,

16N) and corresponding volume losses were calculated in each case. The processes were repeated on the sam-

ple under the same applied loads but higher speed (4.72 m-s ") of disc rotation. All the process were repeated on

the respective wear sample for 1.36 and 2.01 graphite 13% chromium white iron both for as-cast and heat

treated sample. The sliding distance and sliding moments were calculated using Equations (3) and (4) respec-
tively.

Sliding distance = sliding speed x time 3)

Sliding moment = applied load x sliding distance 4

)
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3. Results and Discussion
3.1. Spectrometric Analysis

The elemental compositions of the charge makeup and the produced 13% chromium white cast iron as obtained
from spectrometric analysis were shown on Table 1 and Table 2.

3.2. XRD Analysis

Figure 1 show the diffraction pattern of spots or reflection reported on a screen of a laser pointer when the heat
treated 13% chromium white iron containing 1.36% graphite was analysed with the aids of X-ray diffractometer.
The count scores, the chemical formulae of the present compounds in the martensitic matrix of the developed
13% chromium white iron are shown in Table 3. The presence of the compounds may be attributable to chemi-
cal interaction of the various constituents of the charge makeup.
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Figure 1. The XRD profile of elemental segregation of 13% chromium white iron.
Table 1. Percentage composition of the charge makeup.
%elemental contribution
Raw materials (Kg)
C Si Mn P S Cr
Foundry returns 156.25 0.94 0.21 0.01 0.01 0.01 7.19
White iron scraps 223.21 0.09 0.09 0.04 0.02 0.02 -
Fe-Cr 102.67 0.17 - 0.58 - - 17.68
Fe-Si 2.23 - 0.33 - - - -
Graphite 3.80 0.51 - - - - -
Total 500 155 0.63 0.63 0.03 0.03 24.87
Table 2. Elemental composition of the developed (HCr-WFe) in percentage by weight.
%elemental composition
Element present
Fe © Si Mn P S Cr Mo Ni
Batch 1 84.560 1.36 0.641 0.81 0.026 0.032 13.12 0.017 0.21
Batch 2 83.612 1.56 0.640 0.79 0.029 0.033 13.12 0.016 0.20
Batch 3 83.159 2.01 0.643 0.79 0.028 0.031 13.13 0.019 0.19
Batch 4 83.234 2.56 0.062 0.75 0.024 0.032 13.12 0.018 0.20
Batch 5 82.771 3.04 0.061 0.70 0.020 0.032 13.14 0.016 0.22
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Table 3. Identified phases and their chemical formula.

Compound name ~ Chromium  Chromium iron Carbon Martensite Silicon Phosphorus Cementite
Chemical formula Cr CrissFeos2 C 0 Si P FesC
Score 60 31 27 28 22 18 15

3.3. Microstructural Analysis

The microstructures EDS of the as-cast 1.36% graphite 13% chromium white iron is shown in Figure 2. It
shows a typical as-cast structure that is predominantly dendritic in nature. The intermetallic compounds (iron
carbide and iron chromide due to the 13% chromium content (13.12% Cr)) highly clustering at the grain boun-
daries influence negatively the mechanical and wear properties of the as-cast sample. Furthermore, the micro-
structure is fairly homogenous due to iron chromium particles that distribute almost evenly throughout the entire
matrix. Figure 3 on the other hand, shows the SEM micrograph of the heat treated sample of 1.36% graphite
13% chromium white iron. The microstructure is more homogenous than that of as-cast sample. The carbide and
chromide particles are more evenly distributed within the martensitic matrix of the heat treated sample. Marten-
site is a non-equilibrium phase and is characterised with high hardness values. Its presence as the matrix of the
heat treated sample is attributable to higher hardness values and higher wear resistance of the heat treated sam-
ple of the 1.36% graphite 13% chromium white iron.

3.4. Hardness Values

Figure 4 shows the hardness values of the as-cast and heat treated samples of the 13% chromium white iron
with %composition of graphite addition. It was observed that the hardness values of the both the as-cast and heat
treated samples increased as the %composition of graphite addition increased. However, increase in hardness
values is due to the formation of hard intermetallic compounds. Moreover, the higher hardness values of the heat
treated samples than those of the as-cast samples is attributable to presence of fine grainmartensitic matrix of the
heat treated samples coupled with finely and evenly distributed chromides within the matrix as the iron chro-
mide is known to be a very hard materials and low impact energy value.

3.5. Impact Energy Values

Figure 5 shows the relationship between impact energy values of the 13% chromium white iron with %compo-
sition of graphite additions. It was observed that the impact energy values of the 13% chromium white iron de-
creased as %composition of graphite granule additions increased. The decrease in impact energy values is attri-
butable to presence of graphite phase which is characterized with brittleness. Furthermore, the impact values of
the heat treated sample are lower than those of the as-cast samples. The decrease in impact energy values is due
to presence of very hard intermetallic cementite; very fine and hard iron chromide and hard martensitic matrix
which are all characterized with small impact energy values.

3.6. Wear

Figures 6-13 show the relationship between volume loss and time when the 1.36 and 2.01 graphite samples of
both the as-cast and heat treated 13% chromium white iron were subjected to wear through pin on disc method.
Generally, it was observed that the volume loss during wear increased as the applied load and time of disc rota-
tion increased. The increase in volume due to the increased surface wear of the examined sample is attributable
to the increase in the work done by the friction to resist the disc rotation. Furthermore, the MATLAB linear fit-
ting approach was applied to each line in Figures 6-13 to generate the volume loss equations (see Equations
(5)-(44)). The wear rate in cubic meter per second at each applied load was obtained as a gradient of each equa-
tion for both the as-cast and heat treated 13% chromium white iron (see Table 4 and Table 5).

Similarly, Figure 14 and Figure 15 show the relationship between sliding moments and time at 2.36 and 4.72
m-s . It was observed the sliding moments increased as the time of contact of the wear sample and emery paper
increased under load applications. Also, the sliding moments increased with speed. The sliding moment per
second was obtained both for low and high speed from the gradient of the linear sliding moment equations (see

Equations (45)-(54) and Table 4 and Table 5).
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(@)
Figures 2. SEM micrographs & EDS of the as-cast 1.36% graphite 13% chromium white iron.
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Figures 3. SEM micrographs & EDS of the heat treated 1.36% graphite 13% chromium white iron.
Table 4. Wear parameters of 1.36% graphite 13% chromium white iron.
As-cast Heat treated

Load Sliding moment/second Sliding moment/second
N Nmstat236ms? Nmslatd72ms? Wearratem®s®  Wearratem>s*  Wearratem®s®  Wear rate m*s*
at2.36 mstx 10 at4.72 m-stx 10° at2.36 mst x 10 at 4.72 mst x 107

6 14.16 28.32 2.838 5.143 1.703 3.043
10 23.60 47.2 3.400 6.400 1.999 3.838
12 28.29 56.58 5.043 11.100 3.022 6.665
14 33.04 66.08 6.067 12.570 3.639 7.663
16 37.76 75.52 6.838 13.540 4.095 8.071

Table 5. Wear parameters of 2.01% graphite 13% chromium white iron.

. L As-cast Heat treated
Load Sliding moment/second Sliding moment/second

N Nmstat236ms® Nmstatd72ms?: Wearratem®>s®  Wearratem®s® Wearratem®>s®  Wear rate m*s*
at2.36mstx 100 at4.72mst x 10 °at2.36 ms 1 x 10 at4.72 ms x 107

6 14.16 28.32 2.122 3.861 1.443 2.612
10 23.60 47.2 2.644 4.872 1.729 3.313
12 28.29 56.58 3.785 8.352 2.575 5.682
14 33.04 66.08 4.572 9.429 3.157 6.430

16 37.76 75.52 5.148 11.960 3.501 8.135
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Figure 4. Hardness values wt% of graphite additions.
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Figure 5. Impact energy values with wt% of graphite additions.
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Figure 6. Volume loss with time of the as-cast 1.36% graphite 13%
chromium white iron at 2.36 m-s .
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Figure 7. Volume loss with time of the 1.36% graphite of the
heat treated 13% chromium white iron at 2.36 m-s .
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Figure 8. Volume loss with time of the as-cast 1.36% graphite
13% chromium white iron at 4.72 m-s .
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Figure 10. Volume loss with time of the as-cast 2.01%

graphite 13% chromium white iron at 2.36 m's .
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Figure 11. Volume loss with time of the heat treated 2.01%
graphite 13% chromium white iron at 2.36 m-s .
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Figure 13. Volume loss with time of the heat treated 2.01%
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3.6.1. Volume Loss Equations for 13% Chromium White Iron
1) 1.36% graphite sample (as-cast) at 2.36 m-s *

Yon = 2.838x107°x—~5.714x107" ®)
Yion =3.4x1070x—-2x107° (6)
Vi =5.043x107"x - 2x107" @)
Yin =6.067x107°x+1.333x10° ®)
Yion =6.838x107°x-9.524x107* ©)

2) 1.36% graphite sample (heat treated) at 2.36 m-s *
Yen =1.703x107°x ~3.429x107" (10)
Yioy =1.999x107°x—~5.238x10" (11)
Yin =3.022x1070X+7.048x107*° (12)
Yin =3.639x107°x - 7.81x107 (13)
Yion = 4.095x1070x—1.381x10" (14)

3) 1.36% graphite sample (as-cast) at 4.72 m's *

Yoy =5.143x107"x - 4.762x107" (15)
Yiony =6.4x107°x—6.667 107" (16)
Vi =1.114x10°x - 4.476x10°° (17)
Yin =1.257x10°x-2.095x10~° (18)
Vi =1.354x10°x~2.476x10~° (19)

4) 1.36% graphite sample (heat treated) at 4.27 m-s™*
Yen =3.043x107°x ~3.667x10 (20)
Yion =3.838x107°x —4.476x107" (21)
Yin =6.665x107°x~1.705x10"° (22)
Yo = 7.663x107°x—7.905x107* (23)
Yien =8.071x107x —4.762x107* (24)

5) 2.01% graphite sample (as-cast) at 2.36 m's

Yon =2.122x107°x—6.286x10"° (25)
Yion = 2.664x107°x~2.19x10"° (26)
Yin =3.785x107°x~5.619x107" (27)
Yiy = 4.572x107°x~8.476x10*° (28)
Yen =5.148x107°x+1.952x107*° (29)

6) 2.01% graphite sample (heat treated) at 2.36 m's *
Yon =1.443x107" X~ 4.276 %10 (30)
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Yooy =1.729x107° x +3.667x10 "
Yion = 2.575%x107%x~3.19x107*°
Yoy =3.157x107°x~ 4,586 %107
Yien =3.501x107°x~1.186x107"
7) 2.01% graphite sample (as-cast) at 4.72 m's *
Yen = 3.86x107°x—3.048x107"°
Yion = 4.872x107°x~7.524x107"
Yon =8.352x107°x~3.129x10°°
Yo = 9.429x107°x ~1.571x10°°
Yoy =11.96x107°x~1.452x10°®
8) 2.01% graphite sample (heat treated) at 4.27 m-s
Yen = 2.612x107°x ~1.843x107"°
Yion = 3.313x107°x ~5.076x107*
Yoy =5.682x107°x ~2.146x10™°
Yy = 6.43x10°x ~8.976x107"
Yien =8.135x107°x~9.878x10™°
9) Sliding moment equations
Yoy =14.16X+9.524x107
Yion = 23.6x-1.316x107%
Yooy = 28.29X +9.524 %107
Yoy = 33.04x+2.222x107%
Yien = 37.76X+2.55x107"
Yen = 28.32x+1.429x107
Yion = 47.2X+2.633x107%
Yyon = 56.64% +9.524x107
Yyun = 66.08X +2.381x1072
Yien = 75.51x+5.238x107

(31)
(32)
(33)
(34)

(35)
(36)
37)
(38)
(39)

(40)
(41)
(42)
(43)
(44)

(45)
(46)
(47)
(48)
(49)
(50)
(51)
(52)
(83)
(54)

Figure 16 and Figure 17 show the relationship between wear rate and sliding moment per unit time of both
the as-cast and heat treated samples of 13% chromium white iron at 2.36 and 4.72 m-s * respectively. It was ob-

served that the wear rate increased as the sliding moment per unit time increased. The MATLAB linear fitting
approach was applied to generate the wear rate equations (see Equations (55)-(62)). The wear coefficient which

is the gradient of the wear rate-sliding moment per unit time graph was obtained from each equation using the

first differential approach (see Table 6). The wear resistance of both the as-cast and heat treated samples of 13%
chromium white iron was calculated as the reciprocal of wear coefficients. In order to investigate the effect of
speed increase and %composition of graphite additions on the wear resistance of the 13% chromium white iron,
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Figure 17. Wear rate of 13% chromium white iron with sliding moment per

unit time at 4.72 m-s .
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Table 6. Wear parameters of 1.36% graphite 13% chromium white iron.

wit% of _g_raphite Samples Wear Floefficjztent ati11 Wear Lesistagce at o Wear Floefficjztent ati11 Wear Lesistagce at o
addition 236 ms “N'm“ x 10 236 ms -N'-m“x 10~ 4.72m-s “N-m“ x 10 472 ms “N'-m“x 10
1.36 As-cast 1.783 5.6085 1.848 5.4113
1.36 Heat treated 1.068 9.3633 1.113 8.9847
2.01 As-cast 1.344 7.440 1.528 6.5445
2.01 Heat treated 0.9188 10.8838 1.031 9.6993

the graph of wear resistances of both the as-cast and heat treated samples of the produced 13% chromium white
iron was plotted with speed and %composition of graphite additions respectively (see Figure 18 and Figure 19).
Figure 18 reveals that the wear resistances of the heat treated samples of 13% chromium white iron containing
1.36% and 2.01% graphite slightly decreased as the speed of the pin on disc increased whereas in the case of
as-cast samples, the wear resistances are almost unchanged as the speed increased. However, the speed increase
has much small effects on the wear resistance of both the as-cast and heat treated samples of 13% chromium
white iron but its effect on decreasing wear resistances was more pronounced on heat treated samples than on
the as-cast samples though the wear resistances of the heat treated samples are much greater than that of the
as-cast samples. In Figure 19, it was observed that the wear resistances both of the as-cast and heat treated sam-
ples increased as the %composition of graphite additions increased. This is attributable to increased resistance of
both samples as the %composition of graphite additions increased.

3.6.2. Wear Rate Equations at 2.36 m-s-1

Yy ssosqrapnite sample (ascast) = L 783% 107 X~ 3,624 %107 (55)
Y o196grapite sample (as cast) = L34 10" x—2.104x10™* (56)
Y1 3s96qraptite sample (ot rated) = 10683107 X ~3.624 %107 (57)
Y o190qaphite sampe (reat reateq) = 9-188%107 X — 2.824 %107 (58)
3.6.3. Wear Rate Equations at 4.72 m-s-1
Yy ss0sqraptitesample as cast) = 18481071 X ~3.026 107 (59)
Y o106grahite sample (as cast) = L528% 10" x —5.584x10™" (60)
Yy ssshgraphitesampe (neat reateey = L113x 107 X ~197 x107 (61)
Y o196grahite sample (rect reates) = L031x107% x ~3.617 <107 (62)

4. Conclusions

From the results and discussion of this work, the following findings can be drawn:

* The hardness values of the 13% chromium white iron increased with increased percentage of carbon addi-
tions. However, the impact energy values are sacrificed.

* The oil quenched 13% chromium white cast iron possesses greater hardness values than as-cast samples.

* The lower impact values of the oil quenched samples of 13% chromium white are attributable to hard mar-
tensitic phase which is very brittle

* The increased hardness along with increasing wt% of graphite additions is attributable to presence of carbide
particles in the iron matrix.

* Variation of wear with respect to time increases with increasing level of load on the material as with increase
in load, there will be more friction at the surfaces in contact, which leads to increase in wear of material.
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Figure 18. Wear resistance of 13% chromium white iron with speed of

pin on disc.
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Figure 19. Wear resistance of 13% chromium white iron with wt% of gra-

phite additions.

This type of trend has taken place in case of annealed samples subjected to different load variations.
The wear rate with respect to time or sliding distance for the samples in various loading conditions follows

the decreasing trend.

Well distributed chromium carbide crystals precipitated away from the grain boundaries and the matrix of
martensite produced high hardness than the as-cast. Thus quenching in oil baths after heat treatment pro-
moted the formation of fine crystals of chromium carbide well distributed in the martensite matrix.
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