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ABSTRACT

Recent studies demonstrate that aluminide coatings are beneficial to wear and erosion
resistance and also that oxygen-active elements such as yttrium can remarkably improve
this resistance. In this research, the micro-hardness of the aluminide coatings with and
without yttrium on 1045 steel was investigated using a micro-mechanical probe. Wear of
the samples was measured using a pin-on-disk tribometer. The erosion loss of specimens
against soft and hard wheat was also evaluated using a slurry erosion test machine. The
data was analyzed statistically using a 3-factor completely randomized design to study the
effect of wheat varieties (soft and hard wheat), moisture content at three levels (10+0.5,
15£1.5, and 20+2 % (wet basis)), and rotary velocity of the slurry erosion machine at
three levels (200, 400, and 600 rpm) on erosion resistance. The results showed that the
aluminide coatings improved the wear and erosion resistance of substrate steel 1045; yt-
trium markedly improved the hardness of the aluminide coating and its wear and erosion
resistance. The erosion loss of materials was significantly (p<0.01) influenced by the type
of wheat, moisture content and rotary velocity. Both aluminide coatings showed higher
wear and erosion resistance than 1045 steel substrate.
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INTRODUCTION

Wheat kernels are handled mechanically in
storage bins using augers and conveyors,
with airflow, or air allowed to flow by grav-
ity. When wheat kernels transported through
curved ducts, they may impact on the bend
wall and cause serious erosion damage. Re-
search showed that the erosion rate of the
bend could be 50 times higher than that of a
straight pipe [1]. For this reason, improving
bend erosion protection is an urgent task.

Wear of a solid surface by particle erosion
has been the subject of many studies. For a
similar condition of the target pipe material
and impacting particles, a decrease in the
momentum of the impacting particles, a de-
crease in the range of the impact incidence
angle [1, 2 and 3], fixed ribs on the wall of

the inside bend [1, 4 and 5], and a finned
pipe erosion protection method [6] could
greatly reduce the erosion damage of the
pipes. Surface damage due to wear and ero-
sion may result in changes in surface condi-
tions and the dimension of a mechanical
component, and this could cause a disastrous
failure of an entire mechanical system. Coat-
ing is one of the cost-effective approaches
against surface failure. Steel is often used as
the core material coated with different mate-
rials for applications in the mining, chemi-
cal, petrochemical and food processing in-
dustries, and in transport pipelines to protect
equipment and machinery from wear, corro-
sion and erosion. Recent studies have shown
that wear and corrosive erosion of the alu-
minide coating can be markedly reduced by
adding oxygen-active elements. For in-
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stance, yttrium improved the resistance of
the aluminide coating to wear, corrosive
wear, corrosion, corrosive erosion and dry
sand erosion [7-9]. The objective of this
study is to investigate the application of
aluminide coatings modified with yttrium to
protect pipeline bends from erosion in wheat
storage hins.

MATERIALS AND METHODS

The substrate material used in this study
was commercial 1045 steel. The dimension
of the specimens was 13x6x12 mm. All
specimens were polished with 600 grit SiC
sand paper and cleaned in acetone, and were
then coated with Al to form an aluminide
coating using a pack-cementation process.
FeAl (50%Fe-50%Al) alloy powder was
used as the aluminium source, NH,Cl pow-
der as an activator, and Al,O3 powder as a
filler material. 3 % yttrium powder (-40
mesh) was mixed with the FeAl powder.
Table 1 lists the compositions of the Y-
containing and Y-free powders and the dif-
fusion conditions for the pack-cementation.
Nitrogen gas was used to protect the speci-
mens from oxidation. The coated specimens
were mechanically polished using SiC sand

papers and, finally, polished using 0.05-
micron alumina. The specimens were
cleaned in acetone. Micro-hardness of the
specimens was determined using a micro-
mechanical probe.

In order to evaluate wear resistance of the
aluminide coated steel, specimens were also
tested using a pin-on-disk tribometer. Vol-
ume loss of samples after 1,000 laps was
measured. The sliding speed and applied
normal load were 10 mm/s and 3 N, respec-
tively. The diameter of the silicon carbide
ball pin was 6 mm. The width of the wear
track (W) on the target specimen and the
diameter of the worn area of the ball pin (w)
were measured using an optical-microscope.
The cross-section area of a wear track on the
target material was the shadowed area as
shown in Figure 1. The volume loss of the
material per unit length of the wear track is
thus the shadowed area multiplied by a unit
length.

Indication varieties of wheat were selected
from hard and soft quality classes. The
moisture content of wheat kernels was

measured using the following formula:

MC,, :%xloo (1

b

Where MC,,;, = Moisture content, % w.b.;

Table 1. Conditions of the pack cementation process.

Pack composition Diffusion temperature Diffusion time
49%FeAl + 49%Al,0;3 + 2%NH,CI 950°C 10h
47%FeAl + 47%Al,03 + 2%NH,Cl + 3%yttrium 950°C 10h

T T 77177

I

Figure 1. Schematic view of the cross-section area of a wear track (shadowed area)
W- the width of the wear track on a target specimen and w- the diameter of the worn

area of the ball pin.
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Mp = Mass of kernels before drying; and
M, = Mass of kernels after drying,

The sphericity percentage of wheat kernels
was evaluated using the following formula:

1/3
S =—(ab;) %100 2

Where S= Sphericity, %; a= Length of ker-
nel, mm; b= Width of kernel, mm and c=
Height of kernel, mm.

The erosion loss of specimens against soft
and hard wheat was evaluated using a slurry
erosion test machine. The volume loss was
estimated using the following formula:

V = AW 3
PAL

Where V= Erosion rate, cm® m?2 hr'; AW=
Weight loss, g; p= Specimen density, gcm™;
A= Eroded area, m® and t= Testing time, hr.

The data were analysed statistically using
the 3-factor completely randomized design
to study the effect of wheat varieties (soft
and hard wheat), moisture contents at three
levels (10£0.5, 15£1.5, and 20£2 % (wet
basis)), and the rotary velocity of the slurry
erosion machine at three levels (200, 400,
and 600 rpm) on the erosion resistance. Re-
sults were analysed and compared using the
analysis of variance (F-test) and Tuky’s
multiple range test.

1000 +
800 -
600 -

400 +

Vickers hardness, Hv

200 +

JAST

RESULTS
Micro-hardness Properties

Figure 2 presents the hardness values of
the Y-containing and Y-free aluminide coat-
ings, at different loads from 25 mN to 750
mN. The results demonstrated that the hard-
ness of the Y-free and Y-containing alu-
minide coatings was about 3 and 5 times
higher than that of 1045 steel, respectively.
These results demonstrated that Y signifi-
cantly increased the hardness of the alu-
minide coating. In the figure, all values were
obtained by averaging at least three meas-
urements.

Wear Behavior

Figure 3 illustrates typical worn tracks of
1045 steel and aluminide coating without
and with yttrium after 1,000 laps, respec-
tively. The wear losses of specimens are
given in Figure 4. Both yttrium-free and yt-
trium-containing aluminide coating showed
higher wear resistance than that of uncoated
material. As shown in Figure 4, yttrium
markedly increased the wear resistance of
the aluminide coating. The wear resistances
of aluminide coatings with yttrium and

0 200

600 800

—a— Y-free coating —=— 1045 Steel —— Y-containing coating

Figure 2. Hardness value of 1045 steel, Y-free coating, and Y-containing coating.
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Figure 3. Typical wear tracks of (a) 1045 steel; (b) Y-free coating and (c) Y-containing coat-
ing (pin-on-disk).

without yttrium were approximately 7 and 4
times as high as that of the substrate steel,
respectively. Each value is an average of
five measurements

Water Absorption Diagram

To prepare the sample at different moisture
levels, wheat kernels were soaked in water
for 5 to 240 minutes and then their moisture
contents were determined by standard air
oven method at 103°C for 24 hours. Figure 5
shows a wheat-absorption diagram for both
types of wheat. The moisture absorption of
soft wheat was a little higher than that of
hard wheat. Table 2 gives some physical
properties of the two varieties of wheat that
used for the tests.

202

Humidity Diagram

To measure the humidity of wheat kernels
during the test, wheat kernel samples with
18+0.5 % and 251 % moisture content
were put in the slurry erosion test machine.
The machine was rotated at different veloci-
ties and then moisture content was measured
at one-hour intervals. Figure 6 shows the
humidity loss diagram for soft wheat kernels
over time. Figure 6 (a) shows that between 3
and 11 hours of slurry erosion operating
time the moisture contents were stable at
about 15+1.5 % for the 18 % wheat sample.
Figure 6 (b) shows that, between 2 and 11
hours of slurry erosion operating time, the
moisture contents were almost constant at
about 20£2 % for the 25% wheat sample.
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Table 2. Physical properties of wheat kernels.

Wheat variety Hard Soft
Initial moisture content, % w. b. 10.3 10.8
a 4.90 5.10
Kernel dimensions, mm b 2.65 3.10
c 2.30 2.45
Thousand kernels weight, g 38.32 42.11
Sphericity, % 63.2 66.3
Slurry Erosion Test were selected from hard and soft quality
classes for the test. The rotary velocities of
The erosion loss of specimens against soft the slurry erosion test machine were 200,
and hard wheat was evaluated using a slurry 400, and 600 rpm. The m0|stu(r)e contents
erosion test machine. The materials used were 10£0.5, 15£1.5, and 20+2 % (wet ba-
were aluminide coatings with and without sis).
yttrium, and steel 1045. Two wheat varieties
800 -
e 600
\1
E
=400 -
s
% 200 ~
S R
1045 Steel Y-free coating Y-containing
coating

Figure 4. Volume loss of the aluminide coatings with and without yttrium, and 1045
steel after 1,000 laps (pin-on-disk, per unit length of wear track).

35.0 4
30.0 4
25.0 ~
20.0 +
15.0
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Figure 5. Wheat-absorption diagram for both varieties of wheat.
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Figure 6. Humidity diagram for wheat kernels over time at the different rotary velocities (a)
200 RPM and (b) 600 RPM.

DISCUSSION

The analysis of variance test showed that
erosion loss of different materials (Figures 7
and 8) was significantly different («=0.01),
but for the first measurement (Figure 7) of
Y-free coating and Y-containing coating the
volume loss was not significantly different
(=0.01). It may be shown that when these
two samples held a high moisture content in
the wheat kernels, corrosive erosion oc-
curred during the test, and it can be shown
that the corrosive erosion resistance of Y-
containing coating was higher than that of
Y-free coating. Figure 7 shows that the slope
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of volume loss of Y-containing coating be-
tween the third and fourth measurements
was much lower than that of between pervi-
ous steps, it can be showed that this coating
had a good erosion resistance. Both alu-
minide coatings showed higher erosion re-
sistance than that of uncoated material.

The results showed that yttrium signifi-
cantly improved the erosion resistance of the
aluminide coating in both soft and hard
wheat, respectively. The erosion resistances
of aluminide coatings with and without yt-
trium were approximately 4.5 and 3 times as
high as that of the steel substrate. Data given
represent the mean of sample volume loss
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Figure 7. Volume loss of the aluminide coatings with and without yttrium, and 1045
steel (slurry erosion test machine).
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Figure 8. Total volume loss of the aluminide coatings with and without yttrium, and
1045 steel (slurry erosion test machine).

against different wheat verities, moisture
content and machine velocity.

Figures 9 and 10 show that erosion loss
against hard wheat was higher than that
against soft wheat. This can be the result of
a lower sphericity percent of hard wheat
kernels than that of soft wheat kernels. The
hard wheat kernels were sharper than the
soft wheat kernels. The data are the mean of
sample volume loss against different wheat
verities, moisture content and machine ve-
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locity but, in this figure especially, they
show the effect of wheat varieties on volume
loss.

The erosion loss of materials was signifi-
cantly (p<0.01) influenced by moisture con-
tent and rotary velocity. The results demon-
strated that, by increasing the moisture con-
tent, the erosion loss increased (Figures 11
and 12). It can be show that, during the test,
when the wheat kernels had a high moisture
content, the specimens could be attacked by
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Figure 9. Volume loss of specimens against hard and soft wheat.

0.048 -
0.047
0.046 -
0.045 -
0.044
0.043 +
0.042 -
0.041 +

0.04
0.039 +

Total volume loss, cm®, m?, hrt

0.038 -
0.037 A

Hard

Soft

Varieties of wheat

Figure 10. Total volume loss of specimens against hard and soft wheat.

corrosive erosion, because the moisture con-
tent of the wheat kernels could cause corro-
sion. The data given are the mean of sample
volume loss against different wheat varie-
ties, moisture content and machine velocity
but this figure shows the effect of moisture
content on volume loss in particular.

Figures 13 and 14 show that, with increas-
ing rotary velocity, erosion loss increased. It
can be shown that when the rotary velocity
of the slurry erosion test machine increased,
the impact force of wheat kernels on speci-
mens and, so, the erosion loss increased. The
data represent the mean of sample volume

206

loss against different wheat verities, mois-
ture content and machine velocity but, in
this figure especially, they show the effect of
machine velocity on volume loss.

CONCLUSION

This research was conducted to investigate
the beneficial effect of aluminide coatings
on the resistance of 1045 steel to erosion.
Results of the present research demonstrated
that:
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Figure 11. Volume loss of specimens for different moisture contents.
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Figure 12. Total volume loss of specimens for different moisture contents.

1. Yttrium markedly improved the wear and 4. The erosion loss of the materials was sig-
erosion resistance of the aluminide coat- nificantly (p<0.01) influenced by mois-
ing. ture content and rotary velocity.

2. Both aluminide coatings had higher hard- 5. Erosion loss against hard wheat was
ness than that of the substrate material. higher than that against soft wheat.

3. Yttrium increased the hardness of the 6. Erosion loss of different materials was
aluminide coating. significantly (P<0.01) different.
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Figure 13. Volume loss of specimens for different rotary velocities.
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Figure 14. Total volume loss of specimens for different rotary velocities.
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