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CHAPTER1

INTRODUCTION

1.1 Motivation

Hardfacing is a metallurgical process. The tougher or harder metal is coated on the surface
of the softer base metal by various welding processes such as shield metal arc welding (SMAW),
metal inert gas (MIG) and metal active gas (MAG) welding, submerged arc welding (SAW),
tungsten inert gas (TIG) welding and oxyacetylene gas welding (GW). The objectives of
hardfacing are to reduce wear, build/repair metal surface, extend life time of equipment and
prevent accidents[1-3].

In the present day, hardfacing is an important process for many heavy machines used in
agriculture, mining, and metal industries, because of abrasive wear resistance and economic
reasons. In sugarcane industry, a large number of hardfacing SMAW electrodes are used for the
shredder hammers, which are made from St52-3 steel and used to crush sugarcane into small
pieces. After operation for some weeks, it was observed that the surface was damaged by wear
due to sand and sugar cane fiber[1, 4]. To prevent or repair damaged surface of shredder hammer,
hardfacing process is applied. From economic view, the most popular hardfacing process in the
sugar cane industry is the SMAW process.

The hardfacing SMAW electrode specification usually followed DIN8555: E-10-UM-65-
GR standard. It contains C(6.5%), Mn(0.80%), Si(0.60%),Cr(22.70%), Nb (7.00%), and Fe
(balanced)[2]. This electrode is recommended for good abrasive wear resistance of shredder
hammer in sugar cane industry. However, after hardfacing the shredder hammer with this
electrode, it can be used around 18 days[4]. From my point of view, none of high Cr-Nb
hardfacing electrodes were developed for higher abrasive wear resistance by adding Mo.From a
report of hardfacing steel[5-10], molybdenum increases the strength and surface hardness by
forming carbide, increasing volume fraction of carbides, and solid solution strengthening. With
higher molybdenum contents of hardfacing alloy[6-8], higher yield strength as well as surface
hardness of steel can be achieved.

Molybdenum can form very fine carbide[9], Mo,C, which is harder than Cr-rich

carbide[5]. Other hardfacing reports[10-11] also found that the complex carbide formed by using



the Mo-based SMAW celectrode was harder than those carbides by using the Mo-free, W-based
and Cr-based electrodes. Compared molybdenum with chromium, high molybdenum alloyed steel
exhibits higher abrasive resistance than high chromium alloyed steel[12]. Moreover, molybdenum
increase carbide nucleation sites, which results in increasing volume fraction of carbide and
higher abrasive wear resistance[13-17].

In addition, it can change morphology of carbide in microstructure[14-19]. Therefore, it
is interesting to modify molybdenum composition of hardfacing high chromium-niobium SMAW
electrode by addition Mo for better abrasive wear resistance. The modified compositions of

coated part of SMAW electrode with molybdenum were experimented in this work.

1.2 Objectives

To investigate the effect of molybdenum content of hardfaced surface of St52-3 steel on

wear resistance by using SMAW high chromium hardfacing electrode.

1.3 Conceptual Framework

1.3.1 ST52-3 steel used as based material with compositions C(0.16%), Si(0.55%),

Mn(1.6%), P(0.035%), S(0.035), Fe(Balance) dimension of 25 x 76 x 6.5 mm..

1.3.2  The SMAW hardfacing electrodes with 4 different compositions as follows,

1.1.1 C(7%), Mn(0.80%), Si(0.60%), Cr(22.00%), Nb(7.00%), Fe(Balance)

1.1.2 C(6 %), Mn(0.80%), Si(0.60%), Cr(22.00%), Nb(7.00%), Mo(3%),

Fe(balance)

1.1.3 C(5%), Mn(0.80%), Si(0.60%), Cr(22.00%), Nb(7.00%), Mo(6%),
Fe(balance)

1.14 C(4%), Mn(0.80%), Si(0.60%), Cr(22.00%), Nb(7.00%), Mo(9%),
Fe(balance)

1.3.3  Three full hardfacing layer on the surface of the St52-3 steel by using SMAW

electrodes from 1.3.2 are performed. The repeated 3 samples are produced for each SMAW



electrode. SMAW was performed at DCEP voltage 20 V, current 125 A, and travelling speed 25

cm/min.

1.3.4 The chemical composition of the hardfaced surfaces of the samples by emission

spectrometer.

1.3.5 The hardness of the hardfaced samples were measured 1.3.2 by using the Vickers

microhardness (HV) method.

1.3.6  Volume fraction of carbides followed by ASTM E562 standard are determined[20].

1.3.7  Test wear resistance of hardfaced samples from 1.3.2 is tested according to ASTM

G65 procedure D[20].

1.3.8  The microstructure of samples by optical microscope, scanning electron microscope,
Energy-dispersive X-ray spectroscopy (EDX), Electron probe micro-analyzer (EPMA) and X-ray

Diffraction (XRD) are investigated.

1.4 Research Hypothesis
1.4.1 Hardfaced sample gets maximum abrasive wear resistance at one value of

molybdenum content.



CHAPTER 11

LITERATURE REVIEW

2.1 Molybdenum

Molybdenum is metallic element which is used as an alloying element, as a metallic
coating and a based metal in a variety of market such as glass industry, high temperature furnace,
tool equipment, and aerospace & defense application. The important properties of molybdenum
are thermal and electrical conductivity, thermal expansion, high-temperature strength,

environmental stability, hardenability, weldability, toughness and resistance to abrasive wear [22-

23].

Table 2.1 Properties of molybdenum [23-24]

Physical characteristics

Atomic Weight 95.95 g/g atom
Density 10.22 g.cm_3
Lattice Constant a=3.1468 A

Crystal structure

body-centered cubic

Thermal conductivity

142 W-m K 'at 20°C

Thermal expansion

48 pumm K 'at25°C

Young's modulus 329 GPa
Shear modulus 126 GPa
Bulk modulus 230 GPa

Poisson ratio 0.31

Vickers hardness

1530 MPa (156 HV)



http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Thermal_conductivity

Molybdenum is in sub-group VI A/B of the periodic table, and in the second series of
transition elements. Transition elements are those which have an incomplete inner orbit in their

atomic structure.

Molybdenum improves strength of alloys by create carbide particle such as Mo,C to
resist abrasive wear [10,25]. By adding molybdenum finer microstructure, better weldabillity,

better mechanical properties can be obtained [26].

2.2 Abrasive wear

Abrasive wear occurs when one or more solid objects are loaded against particle of the
object which have equal or greater hardness. It is loss of material. Tools in present day such as
conveyor screws, pump impeller, shear blade, chains, mill hammers have problem with abrasive
wear. Even if bulk machine is very soft, can be cause by abrasive wear. For example sugarcane, is
associated with abrasive wear of shredders hammer because of small silica in sugarcane fibers

[27].

The difficult of abrasive wear to be controlled is the term of “abrasive wear” cannot

exactly explain the mechanism of it. Abrasive wear has 4 type.



Figure 2.1 Type of abrasive wear [27]

2.2.1 Cutting or Scratching

This type of abrasive wear commonly occurs by a grit or particle on surface. It is
dragged along on soft metal surface under load applied usually occur when lubricant is not

present. Geometry of grit affected mechanism of abrasive wear too.

2.2.2 Fracture

Fracture is usually generated by high load acting on brittle surface with a sharp

edges grit and crack occurs.

2.2.3 Fatigue

Repeated strain caused by grit on surface makes metal fatigue.



2.2.4 Grain pull-out

Grain pull-out is commonly found on ceramics but rarely in metal. This occur by

inter-grain bonding is weak

2.3 Shredders Hammer

Shredders hammer is placed at head of tandem, after knives and before the first hammer
mill shown in Figure 2.2. This hammer works on cane deprived of part of its juice, and with its
fibers partly disintergrated [1]. Those reasons cause abrasive wear occurs on the shredder
hammer. It makes hammer mill uses less power when crashs cane. The space between the anvil-

bars and rotateing hammer is order of millimeters. The Shredder hammer is shown Figure 2.3

Caorrier speed
control signal

Shredder
Hammer

Figure 2.2 Position of shredder hammer [1]



Figure 2.3 Shredder hammer

From reports of sugar cane industry, the most popular welding electrode is DIN8555:E-10-
UM-65-GR containing C(6.5%), Mn(0.80%), Si(0.60%),Cr(22.70%), Nb (7.00%), and Fe
(balanced)[2]. This electrode can give a good preventing in abrasion, but it can be used only

around 18 days in sugar cane industry[4].



Worn area

Figure 2.4 Shredder hammer after use 18 days (a) Top view (b) Side view (¢) Front view

2.4 Shield metal arc welding

Shield metal arc welding or SMAW is one of simple, cheap, and most widely used of
versatile process for fusion welding. SMAW use a covered stick electrode to weld workpieces
[28]. Working process shown in Figure 2.5

SMAW is an arc welding process which melt metals is produced by heat from an electric
arc that is maintained between the tip of a covered electrode and the surface of the base metal in

the joint being welded.

The covered electrode consists of core wire which is drawn metal core stick or cast
materials or alloys depend on standard. This core wire covers with powder materials such as
fluoride, cellulose, metal alloy, and oxide. Primary function of covered electrode is a source of a

stabilizers, gases to air, prevents metal and slag, insulate the hot weld metal, and consumable.
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Welding arc is ignited by direct contact of electrode and work piece and short circuit occurs. This

short circuit creates high density current in contact area and work piece become melt [29].

covered electrode

flux covering

core wire
arc
inert gas shield

drop transfer of

metal and slag slag

weld deposit
(base and filler metal)

_workpiece
~ (base metal)

Figure 2.5 Shield metal arc welding process[29]

The electrode and the work are part of an electric circuit illustrated in Figure 2.6. This
circuit begins with the electric power source and includes the welding cables, an electrode holder,

a workpiece connection, the workpiece, and an arc welding electrode.

ELECTRODE HOLDER

AC OR DC POWER SOURCE
AND CONTROLS ELECTRODE

‘ / WORK
WORKPIECE LEAD
ELECTRODE LEAD

Figure 2.6 Shield metal arc welding circuit [30]



11

The process requires sufficient electric current to melt both the electrode and a proper
amount of base metal. It also requires an appropriate gap between the tip of the electrode and the

base metal or the molten weld pool [30].

2.5 Hardfacing

Nowadays, equipment is thrown away because it no longer to use which worth a lot of
money. In many times the degeneration of the equipment could be stopped if use welding to
repair or extend life. Hardfacing is one form of preventative maintenance welding process. The
typical components that use hardfacing are buckets, crusher jaws, sugar mill roller, shredder
hammer, and etc. The standard welding which can hardfacing are gas shield metal arc
welding(GMAW), submerge arc welding(SAW), flux cored arc welding(FCAW), and shield
metal arc welding(SMAW) [31]. The most important welding process for hardfaing is SMAW

because it has widest selection alloy and wide range of materials.

Hardfacing is a technique which involves applying a layer of hard materials on surface of
base metal for increasing wear and corrosion resistance of base metal. Most hardfacing materials
are very hard and have a tendency to crack. Flux of hardfacing has 2 types. They are basic and

rutile because these types give good toughness after welding.

2.5.1 Preheating

Part of machine usually made from cast steel or alloy steel. With the high
hardness of hardfacing material could make crack occurs on the part surface. Since use preheating
can prevent crack on surface. Temperature of preheating depends on composition of parts or
components[31]. For example Austenitic stainless steel have coefficient of expansion
approximately 50% greater than cast manganese steel, distortion can be problem. Therefore,
preheating should not be applied. Ferritic steels need to be preheated about 200°C or less.

Martensitic steels should be preheated at 200-300 °C and slow cooling after welding [31]
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2.5.2 Dilution

Change in chemical composition of welding filler metal by mixing with base
metal during welding process called “Dilution”. Dilution can reduce lower hardness of surfacing
material or absorb atom such as carbon, increased hardness and possible to have crack under weld
seam.

Dilution \ A,
\\‘L////

Figure 2.7 Dilution in welding seam [29]

A1

%dilutionz( A )x1oo 2.1)

2.5.3 Relief checking

Relief checking is small cracks which formed across weld bead to break up and
reduce stress. Many hardfacing materials have relief checking on cooling process. Relief checking
occurs in high hardness with hardfacing alloys as a result of a large difference between the rate of
expansion and contraction between it and the base material. Distortion can be controlled by relief
checking. These relief checking doesn’t cause detrimental to the performance of hardfacing
materials. Relief checking can be minimized if high preheat temperatures are used and cooling

occurs at a very slow rate[31].
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2.6 Strengthening

2.6.1 Solid solution strengthening

Alloying with impurity atoms which goes into substitutional or interstitial solid
solution. This is called “solid solution strengthening”. Increasing the concentration of the hard
impurity results in increase in strengths. Alloys are stronger than pure metals because impurity
atoms that go into solid solution ordinarily impose lattice strains on the surrounding host atoms.
Lattice strain field interactions between dislocations and these impurity atoms result, and,

consequently, dislocation movement is restricted [32].

2.6.2 Precipitation strengthening [32]

The strength and hardness of some metal alloys can be enhanced by the
formation of extremely small uniformly dispersed particles of a second phase within the original
phase matrix. This must be accomplished by phase transformations that are induced by heat. The
process is called precipitation hardening because the small particles of the new phase are termed

“precipitates”. Precipitate usually occurs in Heat-affected zone by forming M, C,.

Table 2.2 Characteristics of alloy carbides usually found [33]

Type of carbide Lattice type Remarks

M,;C Orthorhombic This is a carbide of the cementite (Fe,C) type, M, maybe Fe,

Mn, Cr with a little W, Mo, V.

M.C, Hexagonal Mostly found in Cr alloy steels. Resistant to dissolution at
higher temperatures. Hard and abrasion resistant. Found as a
product of tempering high-speed steels.

M,,C, Face-centered cubic | Present in high-Cr steels and all high-speed steels. The Cr can
be replaced with Fe to yield carbides with W and Mo.

M.C Face-centered cubic | W- or Mo-rich carbide. May contain moderate amounts of Cr,

V, Co. Present in all high-speed steels. Extremely abrasion




14

resistant.

M,C Hexagonal W- or Mo-rich carbide of the W,C type. Appears after

temper. Can dissolve a considerable amount of Cr.

MC Face-centered cubic | V-rich carbide. Resists dissolution. Small amount that does

dissolve reprecipitates on secondary hardening.

2.7 Testing machine

2.7.1 Abrasive wear testing [21]

There are a lot of testing method to find out abrasive wear on surface such as
ring on disk, pin on disk, ASTM G65. In this thesis use ATSM G65: measuring abrasion using
the dry sand/rubber wheel. ASTM G65 can use sand or silica sand in testing process which is the
same as sand in sugar cane. ASTM GO65 test results are reported as volume loss. Abrasive wear
occurs between the sample and a wheel. The sample is loaded against the wheel with specified

force. Testing machine is shown in Figure 2.7

4 — silica Sand
() ol
—7
I Weights
Sample
Rubber Wheel

Figure 2.8 ASTM G65 testing machine[21]
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The volume loss can define by equation

Volume loss (mm*) = mass loss(g) x1000 (2.2)
density of specimen( g 3j
cm
Abrasive wear resistance defined by
3\ 3) 7!
Abrasive wear resistance 1L, = v.ol_ume !oss(mm ) (2.3)
m sliding distance (m)

2.7.2 Microstructure analysis

To investigate particles of carbide on the hardfacing surface, we can use optical
microscope. Since most of carbide have particle size about 200 Um.[5, 34], range of optical
microscope is enough to observe carbide. Optical microscope use reflex technique to observe

microstructure of material as shown in Figure 2.8

eyepiece ———

half-silvered
mirror

reflecting
specimen

Figure 2.9 Optical microscope [35]
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2.8 Relevant research

In 2005, M.F. Buchely and group [11] studied effect of microstructure on abrasive wear
of hardfacing alloys. The samples are Cr-rich, W-rich, and complex carbides hardfacing alloys.
Those are 3-layer welded on ASTM A36 steel plates. There are 3 experimental. The first
experiment is hardness measurements by using load 0.3 kgf. Hardness results showed complex
carbide harder than W-rich and W-rich harder and Cr-rich respectively as shown in Table 2.3.
The second experiment is microstructure analysis which used optical and scanning electron

microscopes. The result shown in Figure 2.9
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Figure 2.10 Hardfacing microstructure: (a) Cr-rich, first layer (b) Cr-rich, second layer (c) W-rich
layer (d) complex carbides, first layer (e) complex carbides, second layer (f) complex carbides,
third layer. Images (a), (b), (d) and (e) were using optical microscope and image (c) and (f) were

using SEM



Table 2.3 Hardness of deposit materials

Hardfacimg 1 (Cr-rich) Hamifacing 2 (W-rich
Ist layer 2l layer 15t layer
Hasbnea (HREC)
Sample 1 55.7 570 586
Samgile 2 554 580 580
Sample 3 583
Mwitage 5.6 515 583

Hardfacing 3 {complex carbides)

It bayer 2 layer
518 568
550 6.1
56 1) 595
Hi sB5

Ird layer

B3
3.5

B 5

E0.2
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From Figure 2.9, Cr-rich deposits have M,C;-type chromium carbides. W-rich deposit is

composed by MC-type carbides surrounded by M C-type carbide. Lately, complex carbides

deposit with M,C;, Nb-rich MC, Mo-rich M,C, and W-rich WC carbides. The third experiment is

abrasive wear test. Abrasive wear was test by quartz particle mean diameter between 212 and 300

MUm on ASTM G65 standard. Conditions of ASTM G65 are load 130 N, velocity 200 rpm, and

wear distance 4309 m. The results shown in Table 2.4

Table 2.4 General results from dry wheel ASTM G65

Hardfactng Cirich, Crich Worich, Comglex carbides.  Complex carbides.  Complex carbides,
1 Layer Erd Layer It layer Tst Layer Il Ly Ind Tayer

M losts (mg) 29238 1519 17749 3854 2718.5 147.1

Vil boes® () W5 195 il 194 157 (L]

Abeastve weat resistance® imgm ') ! 4.7 284 242 1.2 15.5 323

Abrasive wear pesistanee e m™" ) 114.8 A 1884 872 1207 RS

! Nvorage densily estlmated: 7.8 gem—*
* Defined a3 volume basy'siding destance

From Table 2.4 and Figure 2.9 found that the best abrasive wear resistance can receive

from complex carbide because this complex carbide has coarse M,C;-type carbide and reinforced

by NbC carbides particles. According to Table 2.3 and 2.4, relation between hardness and

abrasion resistance can be shown in Figure 2.10. These relations showed that abrasion resistance

depends on hardness.
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Figure 2.11 Relation between hardness and abrasion resistance
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In conclusion, the complex carbide deposits give the best abrasive wear resistance of all

hardfacing alloy.

In 2008, X.H. Wang and group [10] studied effect of molybdenum on the microstructure

and wear resistance of Fe-based hardfacing coating. The hardfacing samples are different by

varied Fe-Mo powder in composition as shown in Table 2.5

Table 2.5 Composition (wt-%) of hardfacing electrode

Samples Fe-Ti Fe-V Fe-Mo Graphite CaCoO, TiO, CaF,
S1 15 12 0 10 10 30 12
S2 15 12 2 10 10 30 12
S3 15 12 3 10 10 30 12
S4 15 12 4 10 10 30 12
S5 15 12 5 10 10 30 12




20

The hardfacing was deposited on AISI1020 by using four layer, current 170A, arc
voltage 20-25V, and travel speed 25-28 cm/min. Experiment divided to 3 parts. First experiment
is investigating on microstructure. All sample were etched with 3%nital after that the
microstructure were observed by SEM and TEM with EDS. The SEM morphology of all samples
is shown in Figure 2.11. In Figure 2.11 shows effect of amount of Fe-Mo on microstructure.
Figure 2.11(b-e) the carbide exist and size of it depends on amount of Fe-Mo. In Figure 2.11(e)
Fe-Mo is more than 6wt-%, network of carbide occurred on grain boundary. In Figure 2.12 shows
the X-ray diffraction spectrum of sample S4 and S1. In the S4 hardfacing layer contains TiC,

VC,Fe,C, a - Fe and Mo, C.



Figure 2.12 SEM morphology of the S4 hardfacing layer
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Figure 2.13 X-ray diffraction spectrum of hardfacing layer (a) S4-specimen and (b) S1-specimen

The carbide and precipitated in matrix is investigated by TEM as shown in Figure 2.13
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Figure 2.14 TEM image of the hardfacing layer (a) image of carbide, (b) electron diffraction
pattern of TiC-Mo,C, (c) EDS for carbide, (d) image of lath martensite matrix, (e) electron

pattern of matrix, and (f) EDS for matrix

The TEM results show that carbide contains mainly C, Ti, V, and Mo in Figure 2.13(c).
On the other hand, in Figure 2.13(f) Mo is not combines with C but dissolved in the matrix.

Because of that matrix is strengthened by solid-solution strengthening.
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The second experiment is wear resistance test by using block-on-ring method the results
shown in Figure 2.14. It shows that the volume loss decrease when amount Fe-Mo increase

because carbide in hardfacing layer increase.
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Figure 2.15 Effect of the amount of Fe-Mo on wear volume loss

Third experiment is measuring the macrohardness by using Rockwell scale C
method. Macrohardness of each samples are shown in Figure 2.16. It shows that more amount of

Fe-Mo in wt-% more hardness gain because more carbides are formed.
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Figure 2.16 Effect of the amount of Fe-Mo on macrohardness and volume fraction of

carbides
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In conclusion complex carbide of TiC-VC-Mo,C reinforced Fe-Based hardfacing layers

by forming carbide and higher Mo content more wear resistance gain.

In 2008 , X. Zhang and group [26] studied effect of molybdenum on microstructure and
mechanical properties of ultrafine Ti(C,N) based cermets. Samples were prepared by using WC,
Mo, Co, C, ultra-fine Ti(C,N) mixed powder and latex binder. Green compact were made by
uniaxial pressing. After that sintering under vacuum at 1430°C for 1 hour. The chemical

composition of design experiment materials are shown in table 2.6

Table 2.6 Chemical composition design of experimental materials.

Specimen Mo Ti(C,N) wC Co C
A 0 62.5 20 15 2.5
B 5 57.5 20 15 2.5
C 10 52.5 20 15 2.5
D 15 47.5 20 15 2.5
E 20 42.5 20 15 2.5

Figure 2.17 shows microstructures of all specimen. From figure 2.17, it can be seen that
bright core amount increase with molybdenum content. In addition, grain refining effect shows on
this figure. Molybdenum increase wettability between ceramic and metallic phase. Dissolution of
Ti(C,N) grains can be decrease by increasing molybdenum content and make grain stop growth.
This may probably occurred because molybdenum created shell. Average grain size is shown in

table 2.7.

Table 2.7 Average gain size of experimental cermets.

Specimen A B C D E

Grain size(pum) 1.23 1.17 1.15 0.79 0.88
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Figure 2.17 SEM-BSE micrographs of microstructure with different molybdenum content(wt-%).

(a) 0%Mo, (b) 5%Mo, (c) 10%Mo,(d) 15%Mo, (e) 20%Mo.
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Transverse rupture strength, hardness and fracture toughness of specimen were tested in
experiment. Figure 2.18 shows effects of molybdenum content on transverse rupture strength.
Trend of rupture strength are increased with molybdenum increase and a peak value is at 15 wt-%
of molybdenum. Molybdenum increase rupture strength because it improve wettability, decrease

grain size of cermets, and provide solid solution strengthening effect.

1050
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Figure 2.18 The effect of Mo content on rupture strength

Hardness of cermets were tested by Rockwell hardness scale A method (HRA) shows in
figure 2.19. Hardness increase with molybdenum content. This is because molybdenum provide

grain refining effect.
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Figure 2.19 The effect on Mo content on hardness.
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Figure 2.20 The effect on Mo content on fracture toughness.

The fracture toughness has peak at molybdenum equal 5 wt-%. At low content of

molybdenum, it provide solid solution strengthening effect after that increasing molybdenum

content causes too much hardening.

28



29

In conclusion, molybdenum improve wettability between ceramic and metallic phase and
decrease solubility of Ti(C,N) in the binder stop grain growth. It can also increase rupture
strength and hardness as well as toughness. For toughness it can be only increase when

molybdenum content is low.

In 2005, M.X. Yao and group [17] studied Wear, corrosion and cracking resistance of
some W- or Mo-containing Stellite hardfacing alloys. Low and high stress abrasive wear test was
carried out by ASTM G65 under procedure B and use soft-steel wheel in high stress test instead
of rubber wheel. Abrasive particle is AFS 50/70 Ottawa sand. The samples were coated by
plasma transferred arc-welding method with different powder. The chemical compositions of

powder are shown in table 2.8

Table 2.8 Nominal compositions of Co—Cr—W-C and Co—Cr-Mo—C Stellite alloys

Alloy Type Cr W Mo C
Stellite 6 Co—Cr—-W-C 29 4.5 - 1.2
Stellite 706 Co—Cr-Mo-C 29 = 4.5 1.2
Stellite 12 Co—Cr—W-C 29 8 - 1.8
Stellite 712 Co—Cr—Mo-C 29 - 8 1.8
Stellite 1 Co—Cr—W-C 30 12 - 2.5
Stellite 701 Co—Cr—Mo-C 30 - 12 2.5
Stellite 190 Co—Cr—W-C 26 14 - 3.2
Stellite 790 Co—Cr-Mo-C 26 - 14 3.2
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Figure 2.21 Low-stress abrasive and high-stress abrasive-wear resistance.

From figure 2.21, it can be seen that volume loss decrease with molybdenum content

increase. Scratch test was used to find cracking resistance. The testing was run on an automatic

scratch tester with a diamond Rockwell C indenter. After applied force 20 N. to critical load the

cracks were appeared and SEM of samples are shown in figure 2.22. The calculated critical

plastic strain for each test is shown in figure 2.23.
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Figure 2.22 SEM images of the scratches made above the critical load. Scratch direction was
from left to right. (a) Stellite 790 at normal load of 95N with plastic strain of 0.32; (b) Stellite 190
at normal load of 110N with plastic strain of 0.40; (c) Stellite 1 at normal load of 88N with plastic

strain of 0.34, and (d) Stellite 701 at normal load of 62N with plastic strain of 0.31.
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Figure 2.23 Cracking resistance in terms of critical plastic shear strain.

From figure 2.22 and figure 2.23, it shows that the sample with 14 wt-% Mo have
slightly higher crack resistance 12wt-% Mo sample. Molybdenum alloying effect in Stellite alloy
by change carbide morphology and increase volume fraction of carbides in microstructure more

than tungsten because molybdenum atoms are lighter than tungsten atom.



CHAPTER III

METHODOLOGY

3.1 Materials
3.1.1 St52-3 steel
The base material used was St52-3 steel. Its composition is shown in Table 3.1.

Table 3.1 Chemical composition of St52-3 DIN17100 steel by emission spectrometer

Chemical Elements C Si Mn P S Fe

(Wt-%) 0.137 | 0310 | 1.352 | 0.024 | 0.015 | Balance

3.1.2 SMAW hardfacing electrode
The designed SMAW hardfacing electrodes were prepared by the Zika Industries
Company Limited, Israel. The electrode flux was modified from the old version by adding
different Mo contents but still keeping the same Cr and Nb compositions. After hardfacing, the
designed compositions of hardfaced surface of St52-3 steel should consist of different Mo

contents but constant Cr and Nb contents as shown in Table 3.2.

Table 3.2 The designed chemical composition of hardfacing surface of St52-3 steel by SMAW

Sample Chemical Elements (%wt.)
C Si Mn Cr Mo Nb Fe
Hardfacing electrode 1 (S1) 7 0.80 | 0.80 22 - 7 Balance
Hardfacing electrode 2 (S2) 6 0.80 | 0.80 22 3 7 Balance
Hardfacing electrode 3 (S3) 5 0.80 | 0.80 22 6 7 Balance
Hardfacing electrode 4 (S4) 4 0.80 | 0.80 22 9 7 Balance
3.2 Equipment

3.2.1 Shield metal arc welding source (SMAW source)
3.2.2 Weighing scale four decimal points

3.2.3 Wire cutting machine
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3.2.4 Grinding machine

3.2.5 ASTM G65 standard dry sand-rubber wheel testing machine
3.2.6 Vickers microhardness tester

3.2.7 X-ray diffractometer (XRD)

3.2.8 Optical microscope (OM)

3.2.9 Scanning electron microscope (SEM)

3.2.10 Electron probe micro-analyzer (EPMA)

3.2.11 Energy-dispersive X-ray spectrometer (EDX)

3.2.12 Emission spectrometer

3.3 Experimental Procedure

3.3.1 Prepare St52-3 base materials with dimension of 25 x 76 x 6.5 mm. for 16
pieces.

3.3.2 Divide samples from 3.3.1 into 4 groups. Each group contains 4 samples.

3.3.3 Full hardfacing on the surface of base metal from 3.3.2 by using the hardfacing
electrode 1 as in 3.1.1.2 under condition DCEP voltage 20 V, current 120 A, and travelling speed
25 cm/min. Three hardfacing layers were prepared on the St52-3 steel as shown in Figure 3.1 for
decreasing the dilution of hardfacing layer by base material. Figure 3.2 shows the base material

after full hardfacing on the surface.

Third Layer
Second Layer
First Layer
B —
6.5
mmir Base
< 25 mm. >

Figure 3.1 A schematic diagram of the three hardfaced layers on St52-3 steel.
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10mm

Figure 3.2 Base material after full hardfacing on the surface.

3.3.4 Repeat 3.3.3 to the other St52-3 steel groups by using hardfacing electrodes 2, 3
and 4.

3.3.5 Check the element composition of the hardfacing surface by Emission Spectro-
meter

3.3.6 Grind the hardfaced surface of samples to become flat as shown in Figure 3.3.

10mm

Figure 3.3 Flat surface of hardfaced samples after grinding.

3.3.7 Select 3 samples from each group after hardfacing and weigh by a weighing

scale with four decimal points before abrasive wear test as shown in Figure 3.4.



Figure 3.4 Weighing scale four decimal points (Mettler Toledo AB304-S)
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3.3.8 Test the samples in 3.3.7 and St52-3 steel for abrasive wear resistance by ASTM

G65 testing machine using dry sand-rubber wheel. The test conditions are shown in Table 3.3.

Figure 3.5 shows the abrasive wear testing machine.

Table 3.3 The abrasive wear test conditions after ASTM G65 [21].

Procedure

Load (N)

Velocity (rpm)

Wear distance (m)

D

45

200

4309

3.3.9 Weigh mass of all samples after abrasive wear test.

3.3.10 Calculate the abrasive wear resistance by using equation 3.1

Abrasive wear resistance = (

-1
volume loss
sliding distance
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Figure 3.5 Abrasive wear testing machine after ASTM G65 using dry sand-rubber wheel.

3.3.11 Observe the surface after wear test by SEM.

3.3.12 Cut the last sample from each group to 25 x 10 mm. with 12.5-mm thickness
by wire cutting machine as shown in Figure 3.6 with cutting speed at 0.5 mm./min. under cooling
condition.

3.3.13 Grind all samples in 3.3.12 with abrasive paper down to No. 2,000. Then
polish with alumina powder on cross-section.

3.3.14 Etch one piece from each group samples in 3.3.13 with waterless Kalling’s
etching. (100 mL ethanol, 5 mL HCL, 5 g CuCl,) Figure 3.7 shows the example of the cross-
section surface of sample for microstructure observation.

3.3.15 Observe the microstructure of all layers of samples in 3.3.14 by OM and SEM.

3.3.16 Determine the volume fraction of total carbides from OM picture by the
systematic manual point counting method following ASTM E562 standard using 100 points and

30 frames for each sample.



Figure 3.6 Wire cutting machine (Troop TP-25)

3mm

Figure 3.7 Cross-section of hardfaced sample
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Figure 3.8 Scanning electron microscope with EDX (Jeol-5800LV)

3.3.17 Analyze the composition of microstructure by EDX spectrometer.

3.3.18 Analyze the element composition on each layer of sample S3 by EPMA as
shown in Figure 3.9.

3.3.19 Measure the hardness of samples in 3.3.14 by Vickers microhardness tester as

shown in figure 3.8 using 0.3 kgf for 15 second.
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Figure 3.9 Electron probe micro analyzer (Jeol JXA-8100)

Figure 3.9 Vickers microhardness measurement machine

3.3.20 Investigate phases in the hardfaced samples in 3.3.15 by XRD using Cu-KOl

radiation. The samples were scanned from 5°to 90° of 20 with step of 0.02°.
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T

Figure 3.10 X-ray diffractometer (XRD) (Bruker D8 advance)
3.4 Analysis experiment result
3.4.1 Abrasive wear resistance
3.4.1.1 Calculate weight loss form the weight before and after wear test.
3.4.1.2 From weight in 3.4.1.1 and equation 2.1, calculate volume loss as well
as abrasive wear resistance.
3.4.1.3 Analyze data from 3.4.1.2.
3.4.1.4 Compare results from 3.4.1.3 with the result of St52-3 Steel.
3.4.1.5 Take photos of abrasive wear scar on the surfaces after the test.
3.4.2 Hardness measurement
3.4.2.1 Measure hardness of the hardfaced surface. Figure 3.11 shows how to

measure the length of diamond pyramid cavity on microstructure.
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Figure 3.11 Measuring length of diamond pyramid cavity on microstructure

3.4.2.2 Try to correlate between hardness and abrasive wear resistance data.

3.4.3 Microstructure observation
3.4.3.1 Take photos of microstructure of hardfacing layer by OM, SEM and
analyze element composition on the surface by EDX and EPMA.
3.43.2 Determine the volume fraction of carbides following ASTM E562
standard test method [20] by systematic manual point count using 100 points and 30 frames with

95% confident interval for each sample. Example of point counting grid is showed in Figure 3.12.

3.4.3.3 From XRD results, identify the carbides.
3.4.3.4 Investigate the relation between the observed carbides and the other test

results.
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Figure 3.12 ASTM E562 standard test method for determining volume fraction by systematic

manual point count using 100 points
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CHAPTER IV

RESULT AND DISCUSSION

4.1 Microstructure analysis

In Fig. 4.1 shows the cross-section of sample after hardfacing process. It can be seen that
the third layers have very large area on the surface. This means the hardfacing samples can resist
the abrasive with pure chemical composition of hardfacing electrode. Typically dilution on first
layer is about 50%, second layer is about 25%, and third layer gives less dilution can be less than

12.5%

3mm

Figure 4.1 Cross-section of sample after hardfacing.

Table 4.1 shows the chemical composition on hardfacing surface by emission
spectrometer. It shows that the composition on the surfaces have big different in carbon and

molybdenum contents. This could make the hardfacing surface have different phase and carbides.



Table 4.1 Chemical composition of hardfaced surface by emission spectrometer
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Chemical Elements / wt-%

Top hardfaced surfaces
C Si Mn Cr Mo Nb Fe
S1 6.99 0.80 0.84 22.80 - 7.89 Balance
S2 6.23 0.85 0.83 22.48 2.98 7.79 Balance
S3 5.23 0.92 0.83 20.40 6.43 7.19 Balance
S4 4.26 0.34 0.66 19.51 10.19 7.00 Balance

After applied the hardfacing layer, porosity appeared on surface of sample with

molybdenum 10.14 wt-% as shown in Fig. 4.2. This could give poor abrasive wear resistance due

to sand rapidly scratch on the edge of porosity.

10mm

Figure 4.2 Porosity on hardfacing surface of sample S4

Microstructures of the top surface of samples S1-S4 were obtained by OM and SEM as

shown in Fig. 4.3(a-d) and 4.4(a-d), respectively.
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Figure 4.3 Microstructure of the top layer of samples observed by OM (a) sample S1 (b) sample

S2 (c¢) sample S3 (d) sample S4

All microstructures mostly consist of coarse and fine carbides, which could be Cr,C;,
NbC, Mo,C or mixed metal carbides [22]. The coarse carbides shapes in Fig.4.3a-b and 4.4a-b are

bladelike and hexagonal types which could not be readily worn when the load is applied [36].
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Figure 4.4 Microstructure of the top surface of samples obtained by SEM (a) sample S1
(b) sample S2 (c) sample S3 (d) sample S4.The numbers are the EDX analytical positions for the

results in Fig. 4.6

Since Gibbs free energy of formation of Cr,C, is more negative value than NbC and
Mo,C at any temperature [37]. Ternary equilibrium phase diagram of Fe-Cr-C is representative to

discuss the microstructure after solidification.
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Figure 4.5 Ternary phase diagram of Fe-Cr-C system [38]

Ternary phase diagram of Fe-Cr-C system (Fig.4.5) have reviewed by C.-M. Chang [38],
and V.E. Buchanan [39]. However it can be calculated from Thermocalc software [40], during the
solidification, M,C, are firstly precipitated by reaction (L - L + M,C,) called “Primary carbide”
and the remained liquid is changed to eutectic carbide by the eutectic reaction (L > fec + M,C,).
After that fce structure could be transformed to bece structure during cooling process. In Fig.4.3a
and 4.4a, the primary carbide should be the coarse particle. The observed fine carbides should be
eutectic carbide. When Mo contents are 6.43 and 10.19 wt-%, the coarse carbide particles become
smaller round carbide particles as shown in Fig.4.3c-d and 4.4c-d. This implies that Mo improve
carbide distribution. During solidification Mo may accelerate eutectic reaction [14-15] as well as
increase carbides nucleation sites. The network structure was seen in Fig. 1d when the Mo content

is 10.19 wt-%.

For clear understanding in the observed microstructures shown in Fig.4.4, it should be
simultaneously discussed with both EDX and XRD results. Fig.4.6a-d shows the EDX spectra

corresponding to the analytical positions shown in Fig.4.4, respectively. Fig.4.7a-d shows the
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EDX spectra of samples S1-S4. Table 4.2 summarizes the observed phases in samples S1-S4

from XRD patterns.

For sample S1 without Mo, the hexagonal and bladelike coarse carbide, No.1 in Fig.4.4a,
is contained of high chromium and iron contents as shown in EDX spectrum, No. 1 in Fig.4.6a. It

is probably chromium-rich carbide, (Fe, Cr),C, [11-12,42-43].

The rectangular and brighter particle, No.2 in Fig.4.4a, shows mainly Nb peak in the
EDX spectrum, No.2 in Fig.4.6a. This carbide is rich in Nb. Therefore, it should be niobium
carbide. This hook shape niobium carbide is embedded in (Fe, Cr),C, as marked in Fig.4.4a and
b. It hold (Fe, Cr).C, from breaking by keeping (Fe, Cr),C, intact resulting in improve abrasive
wear resistance [44]. The EDX spectrum of fine carbide particle, No.3 in Fig.4.4a and 4.6a, shows
the similar spectrum to the coarse carbide No.l. These fine carbides sit in between the coarse
carbide. They could be the eutectic chromium-rich carbides coming from eutectic reaction during
solidification [38-39]. The XRD spectrum of sample S1 in Fig.4.7a clearly show the peaks of (Fe,
Cr),C, and NbC particles. This means that coarse carbide at No.l and fine carbide at No.3 in

Fig.4.4a are the same (Fe, Cr),C, carbide.

For sample S2 with 2.96%Mo, the EDX spectrum of hexagonal shape carbide at No. 1 in
Figs.4.4b and 4.6b show the peak of Mo which is not found in the any position in sample S1,
No.1 in Figs.4.4a and 4.6a. Molybdenum may be dissolve into the chromium-rich carbide, (Fe,
Cr),C,, to form mixed metal carbide, M,C, or (Fe, Cr, Mo),C; which is shown in the XRD

spectrum as shown in Fig.4.7b.
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Figure 4.6 EDX spectra of different position on the microstructure of samples (a) sample S1 (b)

sample S2 (c) sample S3 (d) sample S4

In Fig.4.4b, the hexagonal shape carbide, No. 1, and the bladelike carbide, No.3,
compose of similar pattern in the EDX spectra in Fig.4.6b, No.l and 3. They should be the same
carbide but different in orientations [45-47]. In the niobium rich carbide, No.2 in Figs.4.4b and
4.6b, the no Mo peak is found. Mo may not involve in the formation of niobium rich carbide. The
NbC is also observed in XRD spectrum as in Fig.4.7b. NbC is embedded in (Fe, Cr, Mo),C, as
shown in Fig.4.4b same as sample S1. This could help (Fe, Cr, Mo),C, to resist breaking. In

addition, the XRD spectrum in Fig. 4.7b also show Mo,C peak.
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Figure 4.7 XRD patterns of hardfacing samples (a) sample S1 (b) sample S2 (c) sample S3 (d)

sample S4
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Table 4.2 Phases for different samples from XRD patterns

Sample
Phase S1 [ s2]S3 ][ s4
CrMo X
NbC X X X X

a-Fe X X
(Fe, Cr)1Cs X

Mo2C X X
M7Cs or (Fe, Cr, M0)7Cs X | X | X
0-Feo.97Moo0.3 X X

For sample S3 with the 6.43%Mo, the coarse M,C, carbides disappear but the fine
carbides are found in Fig.4.4c. The EDX spectra of these fine carbides, No.l in Fig.4.6c, are
similar pattern to the coarse M,C; carbides, No.l in Fig.4.6a and b. Molybdenum may increase
carbide nucleation sites resulting in increasing volume fraction of small carbide [13-17].
Molybdenum dissolved into (Fe, Cr),C, become (Fe, Cr, Mo),C,, it give more negative value of
enthalpy of mixing[48]. Rate of nucleation is a function of exponential of negative Gibbs free
energy of formation [49] and Gibbs free energy of formation is function of enthalpy of mixing
when Gibbs free energy comes more negative value so that more nucleation rate can be achieved.
The XRD pattern of sample S3 as shown in Fig.4.7c also shows existing of Mo,C, NbC, and
intermetallic X-Fe,,,Mo, . The intermetallic (-Fe,4,Mo, , could possibly occur because of Mo

saturation in M,C,. Dissolving of Mo in ({-Fe give solid solution effect.

Sample S4 with the Mo content of 10.19 wt-%, the network structure appears as shown
in Fig.4.3 and 4.4d. The EDX and XRD results, Fig.4.6d and 4.7d, show also the presence of
M,C,;, Mo,C, NbC, O-Fe,,,Mo,,, except the CrtMo phase. The presence of CrMo phase is
possible according to their phase diagram [50], It is probably responsible for the network
structure. The solidification mechanism may change when molybdenum content is more than 6.43
wt-%. The melting points of M,C; and CrMo are about 2,000 and 2,200°C, respectively [37,50]. It
says that during solidification, the CrMo precipitates before M,C, and may accumulate at the

grain boundary to form the network structure, which could cooperate with carbide or (X-
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Fe,y,Mo, ;. This should be further investigated. The EDX and XRD results of samples S3 and S4

confirm that Mo does not have any effect on NbC.

Figure 4.8 Volume fraction of primary and eutectic carbides with respect to the molybdenum

contents

Fig.4.8 shows volume fractions of coarse and fine carbides and network structure
measured from microstructures observed by OM. The coarse carbide represents primary carbide
for S1-S2. The fine carbide represents the eutectic carbide and small carbide particle which comes
from the coarse primary carbide due to molybdenum effect. Coarse carbide fraction decreases but
the fine carbide fraction increases when increasing molybdenum contents. The coarse primary
carbide disappears and the fine carbide volume fraction reaches to the maximum content when
molybdenum content is 6.43 wt-% (Sample S3). Because of these fine particles, sample S3 should
perform the highest abrasive wear resistance. However, the volume fractions of fine carbide drops
to 0.46 and the network structure appears with volume fraction of 0.25, when molybdenum
content is 10.19 wt-%. This network structure may induce poor abrasive wear resistance. As

discussed above, this network structure may involve with the CrMo phase.
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Figure 4.9 Microstructure of different layer of sample S3 (a) first layer (b) second layer (c) third

layer

For more understand about dilution that affected on microstructure. The microstructure
of different sample S3 was observed. Fig.4.9 shows the cross-section microstructure of sample S3
in different layers. Fig.4.9a shows the first hardfacing layer of sample S3, which contains
chromium carbide networks on matrix including NbC. The network of carbide is known to break
very easily because it is brittle. However, in Fig.4.9b-c after applying the second and third
hardfacing layer, fine primary and eutectic carbides are developed as well as carbide network
disappeared because by applying more layers, it reduces dilution and influence of St52-3 steel

including preheat from later layer.
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Volume fractions of total carbides in each layer is shown in Fig.4.10. The trend of
volume fractions of total carbides is higher when more layers are applied. The highest carbides
volume fraction is in the third layer of surface. This means the highest abrasive wear resistance

can be achieved on the third layer.

1.00 |

Figure 4.10 Volume fraction of total carbides in each layer of sample S3

Fig.4.11 shows the distributions of Cr, Mo and Nb compositions along the distance from
the base metal to the surface of sample S3 by using EPMA. The compositions of these three
elements from the base metal to the surface increase because of less dilution in the surface layer
as previously discussed. The high contents of chromium, niobium and Mo in third layer result in
fine structure because of carbide distribution improvement. The evidence supporting

microstructure is shown in Fig.4.9c.
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Figure 4.11 Element composition in different layers of sample S3
4.2 Microhardness and abrasive wear resistance

The microhardness and abrasive wear resistance of the top hardfaced surface of sample
S1-S4 are showed in Fig.4.12. After wear test, volume loss was very small, thus the wheel
diameter was insignificantly changed. In this work, the volume loss of St52-3 base metal is about
110 mm’. The volume losses of hardfaced samples S1-S4 are less than 5 mm’. This work reduces

the volume loss of St52-3 steel by abrasive wear at least 95%.

The highest microhardness were found at Mo contents of 2.98 and 6.43 wt-%,
corresponding to the hardfaced samples S2 and S3, respectively. The presence of Mo,C in
samples S2 and S3 may help to increase hardness. It was said that Mo,C was usually formed at
grain boundary [14-16], to retard grain deformation. However, the hardness decreases at Mo
content of 10.19 wt-% (sample S4). This may be because of the presence of (X-Fe,,,Mo,; and

CrMo, which are softer than chromium carbide [51].
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By wear test, the volume loss should also be the lowest at the highest microhardness. In
this work, the abrasive wear resistance is the highest at the Mo content of 6.43 wt-% (sample S3).
The volume fractions of carbide and carbide shape should be responsible for abrasive wear
resistance of sample S2 and S3. Sample S3 has more volume fraction of fine carbide than sample
S3. Hence, sample S3 performs higher abrasive wear resistance than sample S2. Sample S4

contains lower fine carbide volume fraction than sample S3.

The hardness of sample S4 is also lower than that of sample S3 because of the presence
of the soft X-Fe,,;,Mo,, and CrMo. From above reasons, the abrasive wear resistance of sample

S4 is lower than that of sample S3.

Figure 4.12 Microhardness, volume loss and abrasive wear resistance of samples with different

molybdenum contents

SEM image in Fig.4.4, samples S1 and S2 contain coarse and fine carbides and NbC.
Sample S3 contains fine and hard carbide (M,C,) as well as NbC. This fine M,C, may prevent
NbC from easily breaking out. The smaller carbide gives more surface area to take the wear load

and to bond with matrix compared with the larger carbide. Therefore, sample S3 performs better
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wear resistance. In case of sample S4, the NbC, small carbide and network structure are present as

in Fig.4.4d. The network structure may decrease abrasive wear resistance of sample S4.

Worn surfaces of all samples are present in Fig.4.13. In Fig.4.13a-c, it shows mostly
microcutting and trail of missing carbides or pulling out of carbides from the hardfaced surface.
This may occur after silica sand slide along the surface and destroyed brittle carbide. The

extremely worn surface of hardfaced sample S4 is shown in Fig.4.13d.

In sample S4, it is also observed that porosity appears on the top surface of the sample.
Silica sand may destroy area around porosity because very high stress concentrations can build up

at porosity edge resulting in severe wear damage.
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Figure 4.13 Worn surfaces of (a) sample S1 (b) sample S2 (c) sample S3 (d) sample S4 (e)St52-3
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 General Conclusions

The conclusions can be summarized as follows:

1. The abrasive wear resistance of hardfacing St52-3 steel by SMAW is improved by

using flux containing fixed Cr, Nb but different Mo contents coated on electrode.

2. Addition of molybdenum affects primary coarse (Fe, Cr),C; carbide to form the

smaller M,C, carbide by increasing the nucleation density during solidification, but does not

affect on NbC formation.

3. The highest abrasive wear resistance of hardfacing St 52-3 steel is obtained when the

molybdenum content in the hardfacing surface is 6.43 wt-% due to high hardness and high

volume fraction of small carbide.

4. Main mechanisms of worn surface are microcutting and carbide pulling off.

5.2 Recommendation

Both impact and abrasive wear of the hardfacing surface should be investigated at the
same time, because very high speed shredder hammer hits the sugar cane by slightly impact and
abrasive wear in the industrial condition. This means that special testing machine must be used

for similarly industrial condition. However, this testing machine is not available in our laboratory.
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