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Abstract

This dissertation deals with alloys confaining between 0.2 and 9.5wi% carbon and betwezn
3.2 and 64.3wt% vanadium with the balance iron, Alloys were produced by induction melting
and followed by remeiting in vawuum tungsten arc furnaces. No heat—treatment was
performed, as the aim was to identify uscful alloys that may be applied by hardfacing
{echiniques in the ficld, The requirement of post weld heat—-treatment would greatly limi* the
use of hardfacing alloys. The ecxperimental techniques aimed at characterising the alloys
included X-ray diffraction analyses, Mosshaver Spectroscopy, optical, scanning and
transmission electron microscopy and chemical analyses while density messurcments, hardacss
tests and 2 and 3-body abrasion tests gave tiic material propestics.

During experitrzniation, problems with existing 3-body abrasive wear testing apparatus, were
identified. The testing apparatus used in these cxperiments was redesigned to reduce the
uncertainty in determining wear rates. Caution regarding similar wear testing apparatus is
highlighted. "

Under the expeﬁmen%jidm used, alloys containing large primary, spheroidal VC
particles in a maatrix of ferritd and cementite gave maximum abracion resiztance. The abrarion
resistance of the aHoys compared weil with commescially available hardfacings baszd on WC,
C1,C, and mixed carbides with one alley outperforming all these. This superior performance
occurred despite a cracked, heterogeneous mictostruciure. Future alloys with small additions
to strengthen the matrix should yield highly competitive materials. |
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Including the former USSR and China, South Africa had,: 47% (5400000ton of vansdium
metal) of the estimated wozld rescrves in 1985. Exports of vanadium in 1983 amounted to
13162 tons®® or 49.0% ot \be world supply. There is potential w0 increase’ exports or
substitute current imports to Séuth Africa by find‘ng new uses for vanadinm

This work fnvestigated the poicntial of the m—madmm-carbon (Fc-v-cj\moyn for
hardtacing applications. The Fe-V-C alloy system l\\‘s poteatial fo*' ww for the
foilmng 1asons:
1 Moaet alloys used to resist highly abrasive enwrmmcnts cnnuin hard carbides
{mainly Cr,C, and WC). :

Z)HmdfacingsmnmmngVChavealmadyentcredthemm 'I‘hesrarc

combinations of VC and WC with other additions such as ~opper, manganese and
cobalt®9, ' o |

3) The Japanese have investigated some properties of VIC containing alloys in sbrasion
resistant spplications and reported promising resuits”®. <

Ih'..spitch of the potential of thes~ alloys, 2 survey of the literature showed that the Fe-V-C

alloy system had not been investigated in deini!. Thersfore, the prescat work aimed at filling

some of the gaps by producing Fe~-V~C &lloys covering all the phases appearing on the Fe—
V-C cquilibrium diagram®. The focus was kept on abrasion resistance because of the
applmatmns of hardfacings. S



This concise iiterature survey outlines the background fo hardfaciags, the reasons for their
use, the properties of VC and the work donc previously on the Fe-V-C system.

2.1. Hardfacings and the reasous for their affectivencss

_.r;]'(
!

it was reported that abrasion accounts for about 50% of wear enocountered m industry'®. Tie
Naticnal Research Council of Canada reported in 1984 that sbrazive wear absorbed betweei:
0.5 ~ 1.0% of the gross national product of industriatised nations®'™. This gives some idea of
the magnitude of the problem and the reason for the need to devise ways to increase the life
of components.

Why bardfacings are successful requires ar understanding of the mechanisms of abrasive
wear. The following-is a brief overview to highlight the arcas of abrasive wear under
investigation. For greater detail the reader is referred fo more thorough works on wear
mechanisms"t4,

Abrasive wear occurs when a rough hard surface slides on a softer surface ami ploughs a
series of grooves. There are two general situations for this type of wear. In 2-body abrasion
one surface is the harder of the t¥vo. In 3~body abrasion the hard surface belongs to a thind
body, generally a small ;ié.r'ticlc of grit or abrasive, caught between the two moving
surfaces®?, The latter are more prevalent in the applications in which hardfacing alloys are
cmployed.

The hard surface asperities or particles press into the softer surface causing plastic flow. With
a tangential motion superimposed, the harder surface removes the softer material by combined
effects of ‘micro-ploughing’, ‘micro--cutting' and 'micro-cracking™®. For a marked
improvement in wear resistance, the ratio of the hardness of the surface to the hardness of the
abras‘ve must exceed 0.5Y. It is unnecessary to increase the hardness of the marerial beyond
1.3 times the abrasive hardness as no further significant improvement will be obfained. By

increasing the hardness of the wear resistant surface the first phase of ab:asion ic the
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penctration of the hard surface asperities or particles into the surfage, can be reduced or

climinatcd. With the asperitics or abrasive particles unable to penetrate into the surfacc, the
1emoval pmccss is halted or greatly slowed down.

* Common abrasives such as ruartz (hardness of 900 - 1280HV'®) would require alloys with
bulk hardness in the region of 1660Hy (using the 1.3 ratic mentioncd above). Alloys of this
hardness would be both costiy and difficult to manufacture in any single phase alloy system.
The resultant alloys woutd be highly susceptibie to fracture®®® as alloy hardness is generally
inversely refated to toughness® Often abrasive conditions occur simultancously with impact
conditions.

e Muitiphase alloy are a combination of a hard phase in a tough matrix and attain botl abrasive
wear resistance, impact resistance are easy {0 {nanufaéturc. Many alloys of this type have
been developed®™ 412 ‘The major groups rély on a carbide hard phase in a cementing
matrix. The carbides most ofien present are ihose of Cr and W with V and Ti increasingly
being reported as alloy additions™. |

The sffectivencss of hard phases depends on their size, hardness, volume fraction and
uniformity of distzibution. The precipitatios of primary stoichiometric carbides is beneficial.
The effectiveness of the hard phase is also dependent on the hardness of the metal matrix.
The hardness of the hard phase depends on the alloying elements. Its distribution dcpcnds on
precipitation temperature, solidification scquence® and physical propertics compared to the
matrix®, Abrasive wear resistance in Fe based alloys is reported to increase with a change
i the matrix from ferrile and cementite to ferrite and pearlite to martensite®?

Abrasion resistant alloys are applied to working surfaces to prevent high wear rates and repair
components that have undergone material loss. These are applied to components by one of
several techniques, including plasma spraying, clectrolytic plating and electric and gas
welding®®. The welding technique is often called hardfacing.

According to Farmer® many thousands of different hardfacing alloys have been developed
over the past 50 years. These may be divided into five categories depending on service
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conditions. Two of these categorics include, highly alloyed materials for high abrasive
conditions and W-C alloys for extreme abrasion resistance, The former group consists of
high-carbon, high-chromium alloys, Stoodites® and high chromium cast itons eic. based
largely on Cr-C alioys while the latter are made up of the group of alloys identified as
Borium®, Tungrod®, Tungsmeoth® cte. and are based on W~C alloys. The (W, V)C containing
alloys Ucar® and Vancar®, mentioned later “*! fall into the latter category. The principic
difference between these two categs Wies is the hardress of the hard phase, namely the carbide.

The welding technique is a major application soute for the two groups of ailoys mentioned
abeve and the technigue can be simulatéd in a laboratory using a tungsten arc furnace.
Tungstent arc furnaces simulate the high heating and cooling rates experienced during
welding™. In the fumace an electric discharge between the tungsten clectrode melts the
material, which is cooled from below by the water cooled base,

2.2. VC = containing hardfacing materials

Several hardfacing materials have been developed commercially in which VC has been added
to WC. The VC is added to overcome the problems experienced with puse WC hardfacing
atloys. Pure WC is heterogencously distributed in the molten metal substrate and results ia
heterogencous hardness and wear rates, This results from inherent differences in physical
pioperties (especially the densities of the carbide and substrate) of the base metal and the
WC®, VC has a density closer to that of liquid fron and therefore resiiifs in the mixed
(W,V),C being homogeneously distributed in the alloys.

The formation of mixed (Fe,W)C which are sither more brittle or softer than pure WC
depending on composition, reduces the effectiveness of WC for abrasive wear protection®.
1t results iu the addition of excessive amounts of WC to hardfacing alloys. The relatively high
density of WC also means that relatively large amounts of WC are required for hardfacing
applications® which increases the ail:;y costs further.

The above limitations are not experienced in the Fe—-V-C system. The 500°C isotherm of the
Fe~V~C alloy phasc diagram (sec Section 3.1.) shows that regions exist in which pure VC
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will form, There are only small density differences between VIC 2nd liquid Fe resulting in
evenly distributed VC in the Fe matrix. The lower dénsity reduced the amount of VC required
to obtain the same volume percentage as WC, resulting in a cheaper alloy. (Propertics of the
VC and WC are given in the next section) |

The available alloys were based on WC technology to which VC was added as an alloying
addition®*5%®_The alloys had other alloy additions such as free carbon, nickel and cobal@®9,
Alloys containing 44wt% (V,W)C are reported to have a wear resistance equivalent to alloys
with 60wt% WC®, LN. Slabodinskii et al® made a successful alloy using a combination of
VC and Cr~C that was reported to work extremely well. - 2

The Japantése studied the Fe-V-C alloy system in the region bctwcen'é'and 55% VC. The
emphasis was however on the effects of heat treatment and cocling rate on the atloys and the
effect this had on the 2~body abrasion resistance and fracturc toughmess of the alloys. Alloy
additions to the system such as nickel, molybdenum, manganese and silicon, which alloyed
the'matrix, modified the resuits obtained™,

This dissertation explored the Fe~V-C alloy system and its potential for 2 and 3-body
abrasive wear resistance. The interrelationship between the various phases present was
explored to see the effect on 2 and 3-body abrasive wear resistance. '

2.3, Properties of VC

The densities of the various carbxdcs are compared (o liguid Fe in Table 2.1, This shows that
the density of VC approaches that of liquid Fe. This results in the VC being evealy
distributed in the liquid Fe and therefore evenly distributed in the final alloy. |

The microhardness vatues reported in literature vary, The reason for this variation is most
likely due to stoichiometric and crystallographic diffecences. Values given in Table 2.2 are
from several sources (Vickers and Knoop hardness) and give an idea of the ranking of some
abrasives and phases. It should be noted that Silica (quartz) is more abrasive than its hardness
would suggest as it breaks under load into extremely sharp particles that are more casily able



to penetrate allov surfaces.

Table 2.1 Densities of various carbides and liquid Fe®2

-_l_IDcﬂ;ity {gfcm

454-337

[7B-772

5.65-5.61

wh

13.22

Table 2.2. Various microhardness values reported®$2?

Material or Prase

chrohird!ms _

Pearfite ~

240 to 425 (Hv)

Cementite

840 to 1100 (Hv)

Quartz (Silica)

800 to 1000 (Hv)

Chromium Carbide

1300 to 1700 (Hv)

I Cosundum (ALO,)

2000 (Kaoop)

l Tungsten Carbide

2350 to 2700 (Knoop)

I Vanadizm Carbide

2800 to 2810 {Knoop)

The anisotropy of the carbides is explained in work done by Rowcliffe et =3.in which the
hariioss of TiC,g aud VCyy, was measured using Knoop pardness tests. XlOOg load was
used and the hasdness measured at different angles from the [100] crystal plane (see Figure

2.1},
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Figare 2.1, ~ Variation of Knoop hardncss withAdentor orientation for TiCes and
VCon®. |

The lattice j-acameters of various carbides are given in Table 2.5, The solid solubility of
Fe in the VC lattice is reposted as 0.8 atom "5 while clsewhere the maximum is reported

as 1.9%%9, o

The liquidus, 500°C and 1100°C equilibrium phase diagrams of the Fe-V-C alloys system
were reported by Raghavan®, These are presented luter in Sections 3 and 4.
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Table 2.3. — Lattice patameters of some carbides™.

Carbide Lattice Parameter ()

TiC 4,332
ZrC 4.70
HfC 4.04

vC

NbC

Tal

24. The Fe~V-C system

Two Japanese papers detail work done on VC in Fe matrices, Cast and welded deposition
technigues were used to control the VC particie size. Heat-treatment and alloy additions were:
used to control the matrix™. The alloys reposted on in these two napers included additions
of manganese, silicon, molybdenum and nickel to V, C and Fe, Abrasion tests were conducted
using a 2-body abrasion test rig. When large abrasive particles were used for testing, the
alloys with larger VC particles gave better sesults. Smaller VC particles resulted in lower
wear rates for smaller abrasive size particles. "he effect of the VC content was more notable
in those alloys that had undergone annealing than those that had undergone quenching and
tempering. Chunges in wear rate were affected more by heat treatment in low hardness alloys
than in high havdness alloys™.

The two techniques of obtaining the alloys resulted in primary VC particles of differing size.
Slower cooled cast alloys resulted in large VC particles (up to 160pm)™®. These large particles
were repoited to reduce the fracture toughness of the alloys. The VC particle sizz exerted a
greater influcnce on the fracture toughness than the amount of VC present. The fracture
properties of the alloys containing smailer VC particles were thought to be governed by the
hardness of the matrix rather than the VC particles size, It is reported that the VC particles
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act as stress concentrators, the ‘mechanism being crack initiation in VC particles {(due to
dislocation pileups ctc.). A Stroh relationship, ic that the streis is proportional to the square
root of ihe carbide particle size, is reported to hold® ! B

q
H .
; "

Work done in China proved that higher toughncss white cast iron, with MC type carbides, can
be obtained with spheroidised carbide structures. The occurrence of impact Joading in many
abrasive wear applications requircs any new abrasive wear resistant alloy to have bigh
toughness. The Chinese alloys contained up' to 10% VC. Spheroidai type VC particles were
obtained by the addition of tare carth and nitrogen to melts, The mechanism reported by
Chang et al® suggests that sulphur and phosphorus scgregate on the cubic corners of tie
solidifying VC particics and promote dendritic growth. The addition of ccsium, titanium and
nitrogen acts io scavenge the sulphur and form heterogencous nuclcation sites. The Chinese K
paper also demonstrated that high cooling rates do not favour the growth of spheroidal VC
particles®™, |
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3. EXPERIMENTAL PROCEDURES

3.1. Alloy charge make-up

The alloys described in this dissertation, werw prepared in 3 phases. Phase 1 alloys (VC2,
V3, V4, VCS, VCG, VC7 and VC8) together with Phase 2 Alloy V576 were prepared
from VT powder, C and Fe. Imported or local VC powdes, containing 17.610.12 wi%
(nommallv Vi) or 12.810.25 wi% (nominally VG, ) C respectively, was added to Fe
powder in amounts rangmg from 10 to 20 wt% (Table 3.1). Additional C in the form of
graphite was added when necessary. The imported VC powder was between 1 and 2pm in
size. The local powder was coarser. The materials used to prepare the alloys and their
nominal chemical compositions are summarised in Table 3.1. Their actual chemical
compositions are given later. "

VC powder particles dissolved in the molen Fe and then precipitated on cooling according
10 the phases secp on the 500°C isotherm of the Fe~V—C phase diagram shown in Figure
3.1. Further work in Phase 2 Alloys (VF577, VF578, VF579, VF607, VF608 AND VF6U9)
and Phase 3 Alioys (681C, 681A, AF583C, AFS83A, AFSR4C, AFSE4A, AFSESC, AFSSSA,
AF586A, APSB?L. AF588C, ‘AFS588A, AF589C and AFS80A) made use of FeV and
commercial recarbuiising material, which were less expensive than imported VC powders. The
only .ocal pioducer of VC powder had ceased production. The Jarger sized FoV chunks were |
casier to melt due to fewer problems with bridging during melting. The recarburising material
resulted in the C being taken into the liquid melt faster than the graphite which tended to float
rather than dissolve. The use of these charge materials improved the recovery rate from the
charge make up. " |

Chemical analysis detailed later showed that C was lost during melting. The amount lost in
cach case varied, making controf of the final chemical composition difficult. After melting
the inside of the furnace was covered with a layer of fine black powder.
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Table 3.1 ~ Phase of production, alloy name, nominal chemical composition and

materials used.
Phase Alloy wt% C* | wi% V* Materials used
16 ve2 18 82 Imported VC + Fe
I 1@ vCs 1.9 8.2 Imported VC + Fe + C
168 v(C3 1.3 8.7 Local VC + Fe
VC4 1.3 8.7
vC7 26 174
18 vCh 1.4 8.7 Local VC + Fe + C
1@~ | ves 38 17.4 Local VC + Fe + C
2@ | YF576 8.1 32.2 Locai VC + Fe + C
2® VF577 1.3 46,7 FeV + Fe + C
VE578 3.0 572
VE579 0.6 201
VF607 5.0 20.0
VE608 8.4 200
VF609 10.9 45.0
EéR1C 7.0 400 FeV +Fe + C \
AF583C 34 10.0 '
AFS84C 53 20.0
AF585C 6.8 30.0
AFRS87C 50 200
AFS88C 6.8 20.0
AFS89C 1.4 200
681A 70 40.0 FeV + Fe + C
AFS583A 3.4 10,0
AF584A 53 200
AF58SA 6.8 3.0
AF586A 32 42.5
AF588A 6.8 20.0

(i) Balance is Fe.

(ii) Button arc remelted material
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The nominal composition of Phase 2 alloys ranged from 20.0 to 57.2 wi% V (T'able 3.1) and
from 0.6 to 10.9 wt% C with the balance Fe. These alloys were meant to contain all the Fe—
V-C phases {ferrite, ccmentite, 1, 8,VC, x and V,C) found on the 500°C isotherm of the Fe-
V-C phase diagram in this range of chemical compositions as indicated in Figure 3.1, Results
obtained with Phase 2 alloys pointed to the area containing Fe,C, VC,_x and a as being the

most promising for further investigation.

Phase 3 alloys looked at the region containing o, Fe,C and VC,_y in greater detail. Fhase 3
alloys were used to investigate the effect on abrasive wear of varying amounts of primary VC
in a pearlite matrix {sec AF583A, AFS83C, AF534A, AF584C, AF585A and AF585C) and
the effect of changing the matrix while keeping the amcunt of VC consiant (see AFS84A,
AF584C, AF5884, AFS88C, AFS589A and AF5B9C). Alloys 681C and 681A looked at
primary VC in a a matrix for comparison with Alloy VF609. Alloys AFS83A, AFS83C,
AF584A, AF584C, AF585A and AF585C had y mattices at 1100°C. It was anticipated that
future work would invesﬁgatc alloy additions o increase the hardenability of the matrices.
Jominy tests confirmed that the alloys were hardenable (see Alloy AFSS7C, Section 4.9) but
that further alloy additions would be requifed to obtain martensitic matrices.

The Phase 3 alloys had a nominal chemical composition between 10 and 40 wt% V and 3.1 -
to 74 wi% C with the balance Fe. AF586A which contained 47.8 wi% V and 3.4 wt% C was
made to test whether a tough matrix would improve the properties of the n phase alloys, and
was made outside this chemical range. Tramp elemunts were present in the raw mg}&rials as
expected. The sulphur, phbsphor, aluminium and silweon content of the alloys were détnrmined
in subsequent chemical analysis.

3.2. Alioy manufacture

Phase 1 and 2 alleys where melted in a vacuum incuction furnace which was evacuated to
about 10™ atm and then flushed with argon. The mvacuation and flushing were repeated
leaving the charmber filled with argon and a low partial pressure of ok}gcn. Melting took
place in a magnesia crucible. A sooty deposit formed pn the inside of the furnace and blocked
the view through the furnace windows. This deposit made it difficult to control melting. It

\\1\

M
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gave risc to problems with temperature measurement using an optical pyrometer. On-line
- chemical analysis was not possible due to the vacuum chamber and no trimming additions
could thezefore be made. As previously mentioned this resulted in differences between the

nominal and final chemical compositions.

Phase 1 and 2 alloys were produced in ingots of £250g and were completely remelted in a
vacuum button arc furnace. The furnace was evacuated to “10* atm and flushed with argon.
This process was repeated leaving argon with a l(“pamal pressure of oxygen in the
chamber. Meiting occurred in the plasma formed dunng the discharge between a hand
manipuiated tungsten clecirode and a water cooled copper base. The copper base had a slot
of 35x130x15mm which contained the molten material. The ingot experienced high heating
and coeling rates with directional solidification, simulating welding conditions. The
microstructure of some alloys showed columnar grains of ferrite in a eutectic matrix (Figure
3.2). '

Figure 3.2. ~ Dendrites of ferrite in a eutectic mairix in Alloy VC7,
Etched, 2% Nital, folivwed by lead acetate (30seconds, 1.5V) 100x.

Phase 3 alloys were produced in an air induction furnace and poured into graphite moulds.
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Figure 3.3 - Alloy YF609 shows heterogeneous micvostructure.
Etched, lead acetate at 1.5V for 30 Seconds, 100x.

This allowed larger ingots of about 7kg to be manufactured. Maguesia crucible were again
used to melt the alloys. The larger ingots were easier to melt by the induction melting
technique and exhibited greater homogeneity due to longer bolding times above the liquidus
temperature. It was found that the 250g Phase { and 2 alloy ingots were extremely difficult
to heat above the liquidus temperature. They tended either to beil or freeze unless conditions
were controtled extremely carefuily. Heterogencous materials resulted as shown in Figure 3.3,
In Figure 3.3 an areca having a high volume percentage of dendritic VC particies can be seen.
The adjacent area contains much less dendritic VC but has eutectic VC particles and greater

amounts of o Also evident in the microstructure is a crack lying on the border between the - -
two areas,

The larger ingots were held above liquidus temperatures for extended pcr:ods whxle on—-hm
C analysis was done, allowing induction stirring to produce more homogencous alloys.
Material was cut from these 7kg ingots and melted in the buiton arc furnace as described for

Phase 1 and 2 atloys.



Phase 2 alloys were tested in both the induction melted and arc melted conditions. Saﬁ:plcs
tested after induction melting are referred to as "as cast” alloys and are designated by a
postscript "C". Those having ufﬁer -one button arc melting are calied "arc melted” alloys and
are designated by a postscript "A".

Scti'tions about 15x100x100mm were cut from the 7kg induction meited Phase 3 alioy as cast
ingots, using a high speed silicon carbide cutoff wheei and copious amounts of coolant.
Difficulty was experienced during the sectioning of some alloys due to their high hardness.
These sections and the arc melted ingots from certain Phase 1, 2 and all Phase 3 alloys were
surface ground to obtain flat surfaces on opposite sides of the samples. Where possible cubic
specimens of about 15mm a side, were cut from these samples. These were mounted and
polished with diamond to a 1jum finish (alumina was found to be an inadequate polishing
medium which left the VC particles standing proud of the surface or spalied). The polished
surfaces were used for metallography, X-ray diffraction analysis and hardness measurements.

From the same surface ground as cast sections and arc meited ingots, eylinders 10mm in
diameter were cut by spark erosion using a copper tube as the clectrode. These cylinders were
used for 2 and 3 body abrasion tests and density measurements,

Picces of about 50g were removed from Alloys VFS76, VES577, VFS78, VF609, and all
Phase 3 alioys in both the as cast and arc melted conditions. These veere crushed in a
150tonne press until ali the particles were below Imm in size. Allqys VF576, \';‘ 7, VF609,
681C, AF583C, AFSB4C, AF585C, AFS8BC and AF589C were si;:ved and ¥ ‘nes used for
Madssbauer spectroscopy. The coarser particles were analysed chemically. The balance of the
alloys were more ductile allowing shavings to be obtained using a drill press for chentical
analysis.
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Thin sections of Alloy VF576 were prepared by spark erosion of 300-500 um thin shces
These slices were glued with cyanate acrylate glue to glass slides and polished on 1Spm ©
diamon¢ owder down to a thickness of about 100um. Discs 3mm in diameter were punched
out of the 100um thin slices and ion-milled unti! electron transparent, i.c. down io about
0.2um. Electrolytic thinning techniques using various electrolytes were atternpted but were
found to be unacceptable due to the preferential removal of certain phases. The thinned discs
were examined in a H)0kV Phillips 100C TEM.

Alloy AFS87C was made to test i‘.;:-._!_:._'_;{ggnability of an alloy with a fully y matrix at elevated
temperatures. The hardenability was tesiéd uéing madified Jominy iests. AFS87C was melted
and poured into a graphite mould in order to obtain a 25mm diameter rod, about 300mm long.
From this rod 3, 50mm length pieces were cut. Two small mild stee! rods of 15mm length
and 3mm diameter were tack welded onto the circumference on the end of the iest specimens
to hold them in place during Jominy tests. '

3.4. Stoichiometric and density caloulations w4

Stoichiometric calculations were performed using the chemical analysis of the alloys. Two
sets of these calculations were performed assuming the formation of V(g and VG, 4. The
calcujations weie based on the following assumptions and material properties:
i) V reacts preferentially with C to form either VG55 or VGgg.
ii) Any excess C forms Fe,C.
iify  Any excess V forms a solid solution in the o.
iv} The deesities of the phases are :
Vs = 5.57 g/em?®
VCor = 54 glom’®
Fe,C = 7.7 ghem®
Fe= 7.87 g/cm®.®

The amount and volume percentages of cach phase were calculated based on these
assumptions. The ratio of Fe ta V in a was ~Iso calculated.
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Using these assumptions. 1l expected density of the alloys was calculated for comparison
with the measured results,

From the results of the chemical analysis, the expected volume ftactmns of the dlffcrcm
phases in the alloys were determined using the S00°C isotherm o the Fe-V~C phase
dizgram. The volume peicentage of primary phase predicied by ihe liquidus surface of the
Fe-V-C phase diagram, together with the approximate liquidus temperature were also
determined.

The ratio of Fe, to a and the amount of V in a were calculated and these resulis mmpamd' _
with those obtained fiom Méssbauer spectroscopy. a '

3.5. X-ray diffraction analysis

X-ray diffraction analysis were canied out on freshly polished, scratch frec samples of each
alloy prepared as described in Section 3.3. This was mounted inte an aluminium hoider by -
means of plasticine. Care was taken to get 1t\’hce surface of the sample and the holder exactly
on the same plane to ensure optimum experimentai conditions, The sample holder was ..
positioned in the diffractometer so that only the sample was exposed to X-rays. |

The X~ray diffraction was performed uSing a computer controlled Plriiﬁps PW 1820
diffractometer. A copper source was used with a graphite monochromator andl wWas opcrated
at 40kV, 30mA. A 1° divergent slit and 0.2° receiviny slit were used. The st:an. were carried
out from 25 to 14(° in steps of 0.02° over 112 minutes. This period alioweql the counts to
exceed 4000 per channel on the 100 ¥, peak for every sample,

Prior to every scan a standard sificon specimen was run to check the posxticm of the 56,12“
peak. A warm up period of about 1/2 hour was required to ensure stablhty of the peak of
56.12° to +0.01% This variation in 28 angle resulted in d-spacings ranging from 1.6372 to
1.6377, a difference of 0.0005A, and gave an indication of the cxpected machine error.
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M my attempts were made to identify the phascs in the alleys. One techrique tmc‘.:_gelmd on
the calculation of the lattice parameter using the four most intense peaks. ‘Tliese were then
plotted aga;;st the Nelson-Raleigh function. The resultant intercept of the strmght line was
taken as the lattice parameter. The result was compared to values from the literature., -

o
Lo .

3.6. Mdsshauer Spectroscopy

Massbaucr Spectroscopy was carried out to gain detailed information on the composition and

constitition of the Fe-containing phascs. Alloys VFS76, VF607, VF609, 681C, AFSBIC,
AF584C AFS85C, AF388C and AFS89C were analysed by this technique. The powdcr
‘samples were prepared as described in Section 3.3.

The Mdssbauer technique relies on measuring the influence of surrounding atoms on the
electron orbitals of parmnagnesic atoms. The results give a racasure of the effect of adjacent
_ atoms on the paramagnetic atoms. In the experimentar'set—up the paramagsnetic atoms are Fe
surrounded by either V or C. The number of Fe atoms having only Fe neighbours, those
having one V and the test Fe neighbours etc, were measured by this technique. Thus the Fe
containing phascs could be accurately described.

Ir the Fc-V~C systcm only Fe exhibits magnetic prupcmcs Based on the chemical analysis
m{ the alloys, cach powdet sample contained 10mg of Fe. Tests ‘were run for 2 — 5 days in
either liquid nitrogen and/or at ambient temperature (ie. 80K or EQQK) The y-ray source used

was “'Co operated at -20mCi. A gas counter du*tectar was used and omre;;tcd at 1 atm a@d.
2700V. It counted continuously over 1004 channels on a linear velocity scale in the range i

to 4 10 mmi/s.
The resulting data was analysed using computer techniques to calculate:

1) the propomr 8 ot' @ to Fe,C prosent and,
2) the stmchlomctry of ¢, ie the ratio of V to Fe in .
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As the technique iclies on the magnetic interference of the Fe on the y photons, the VT,
phase which contained almost no Fe and has no magnetic field was “invisible™. The
calculations were all done using aiomic or molar percentages and based on the fact that the
VC,_x phase is invisivle. f,

3.7. Deungity. measurcments

The density of the alloys was obtained using the Archimedes principle. The wear specimens
described in Section 3.3 were cleaned and weighed (MAir) before abrasion testing. A thin
copper wire was hung from the hook on a Metler balance. One end of t  wire was
submerged in a beaker of distilled water, containing 1 drop of Tepol dish washing liquid and
the mass recorded (MWire). The Tepol allowed thie extremely thin wire to overcome the
surface tension o}\*hc water and sink below the surface. One ¢nd of the wire was then tied
around the sample. Tlus combination was then suspended from the hook into the beaker of
water and the mass recorded {MWater). The density of the sample was then calculated using

the formula

density =  ( density of water' } X ( MAir )
MAir - ( MWater - MWire )

Note i) Density of water assumed o be 1,000g/cm’.
3.8. Mctallography

“Metallography was performed to determine the phascs present, their morphology, sizz and

volune percentage. The phases were determined by selective etching.

1t was found that a pre—etch in 2% nital for between 5 to 30 s--onds revealed the pearlite.
Following this with a 30sccond clectrolytic etch at 1.5V in lead acctate revealed the VC, .,
phase. The combination gave the best overall results. The lead acetate dep ited an
interference layer on the VC particles, the rate of depositiv.c teing dependent on the
orientation of the carbide particles. The different thickness interference fayers showed as
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different colouis in light microscopy and revealed differences in the orientation of the carbide
particles.

Nital revealed the pearlite colonies, & and Fe,C. The Fe,C was distinguished £ - . the o by
means of microha. . ness measurements. For optimum results from the etching process the

following precautions were taken :

- All equipment used in mixing and etching was weli rinsed with distilled water to
avoid contamination of the ctchant. Contamination resalted in the erratic results.

- The specimens were partially submerged in the etchant. The electrode made contact
with ' dry part of the specimen above the clectrolyte without coming into contact
with the solution. If contact with the solution occurred, the results became ermatic,
Using this technique a less expensive copper anode could be used instead of a
platinum one. |

- The clectrode, all connections and the stainless stee! cathode were cleaned prior
to etching. 1000 grit water paper was found to be most effective for this cleaning
PrOCEss.

- After etching the sample was rinsed by running alcohol across the surface. The
alcoho! jet was not allowed to impinge directly onto the etched surface, lest the
deposited interference layer be removed,

- Care was taken to avoid inhaling the fumes from the reaction as these could

contain lead.

Imagy: analysis was done in two stages. In the first stage the volume percentage of pearlite
was measured using 3 point counting technique on a Neophot optical microscope. The
samples were etched in 2% nital. 42 ficlds or more were measured using a 16 point grid,
aceonding to ASTM standard specification E562, 1985. This same technique war used to
determine the volume percentage of graphite which occurred in Alloys AFS89A and AFS89C.

In the second stage the VC and graphite phases were analysed using a Kontron systern on an
IBAS I and 11 machine. Samples were repolished and ctc™~d in lead acctate. 10 fields were

analysed on each sample using a ficld resolution of 0.75pn. A linear intercept method was
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used. The technique relied on lincs which were superimposed horizontally onto the field of
view. These lines were evenly spaced and the size of the VC particle determined by the
number of pixels on a line which ftersccted a VC particle. In this manner the size, volume
perceniage, periméter of the carbide particles, and the mcan free path between carbide
particles were determined. The total volume percentage of the other phases was determined

by difference.
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3.9. Scanning clectron microscopy (SEM)

SEM was conducted using secondary electron imaging of both metallographic and wear
specimens. fmproved resolution was obtained on metaflography samples by slight over
etching. A thin carbon coating removed fluorescence caused by the charging of the VC
particles. Back scattercd images revealed the position of VC particles on metaliography and
wear samples. The distribution of clements in the phases was determined using both spot
encrgy~dispersive spectroscopy (EDS) and dot-mapping. Both used accelerating voltages of
20kV. Higher resolution images were obtained by reducing the accelerating voltages to
beween 8 to 15kV and raising the stage.

The phases and their morphologies were characterised and the cffnnt ¢ these on the wear
pattern investigated. The effect of hardness indentations on VC pamclcs was also cxamined.

i
o

3.10. Imusmxssmn.slmm.mmmpy_crﬂm

The specimens were prepated as described in Sectlon 3.3. TEM work was performed on a
Phillips 100C microscope. The microstructure was studied in general and the phases analysed
by electron diffraction using the selected ares diffraction technique {(SAD). From these the
":-"("VC,,,,; lattice parameter was calculated assurhing a cubic structure, Only alloy VF576 was
examined by TEM. An aluminium foil was used to determine the effective camera length for
the caleulations from the diffraction patterns obtained.

3.11. Jominy tests

Thesc tests were carried out to investigate the hardenability of an alloy which was known to

have a purely y matrix at clevated temperature. 3 rods were cut from the as cast Alloy
AF387C. As hardiacing layers are not u.sually thick, {normally not much thicker than 10mm}
the length of the rods was reduced from the standard 100mm to S0mm. Only the ends were
ground flat and perpendicular to the sides. The remaining cylindrical side was left in the as
cast condition. They were heated to 950°C and then end quenched with water according to

the conditions laid down in ASTM 255. Vickers hardness traverses were made on surfaces

0
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ground 180° apart using a load of 30kg.

3.12. Macrohardnwss measureraents

8 to 10 indentaticns were made on every sample using a Leco V-100-A2 Vickers
macrohardness testing machine. A toad of 3kg was used for the tests. The indentations were
spread over the entire surface area of each polished sample. This spread took into account the
heterogeneous nature of the alloys. Standard deviation of the hardiess was calculated for cach
alloy and gave an indication of the degree of heterogeneity.

3.13. Abrasion tests &
3.13.1. 3-body abrasion tests

Figure 3.4 shows a schematic view of the test rig used for the 3~body abrasion tests and
Figure 3.5 shows a schematic of the speéimen holder system. The 10mm diameter spark
eroded cylindrical specimens (see Section 3.3) were hand mounted into two of the four
holders permanently attached to the wear rig load arm. They were mounted ip olders 2 and
4 while holders 1 and 3 held calibration specimens of mild steel. These were cut from mild
-+ el rod 10mm in diameter. Thus 4 specimens, of which 2 were experimental alloys, were
tested simultaneously in cach run. The 4 specimens were independently loaded and allowed
to run against a 130mm diameter rubber coated drum under a load of 810g (0.101MPa). The
drum was rotated at 100RPM forcing slurry between the specimen and the drum. The slurry
consisted of 3kg of AFS 50~70 (sand size details in Table 3.2) silica sand in 4 | of watet for
each test. The slurry was recirculated by a pump and allowed to flow evenly onto the upper
side of the drum. Thus the abrasive was always supplied 10 the contact region. New slurry
was used at the start of every new batch of alloys tested. \
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Table 3.2 ~ AFS 50 - 70 sand particle size distribution according to ASTM G65--84.
A
U.S. sieve size Sieve opening (im) % retained on sicve

40 425 none

50 | 300 5 max

70 98 min

none passing

Cantilaver
Rotation
Dirsction Load on
r’d Specimen &
Rubber Drum
Load 4
Slurry Flow /7
N
1 1
.l
Reciroulation Pump R

Figure 3.4 — Schemutic of the three body wear test rig

A iest consisted of washing, drying, weighing and mounting the specimens, followed by
abrading them for 15 minutes. A run consisted of repeating these steps S times on the same
samples. After the run, the specimens were cleaned, carbon coated and stored for SEM
examination. The weight loss expericnced by a test specimen fluctuated as discussed later.

e
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Cantilever Arm—._§
Grub
r!.ocatlng Sorews - 3 <
1l o
¥ o 0
A ij 1 ‘
: Specimen O l Tem A
20mm ; O O
S0mm

Figure 3.5 -~ Detall of th: sPeclmen holder syst&lm o
Analysns of the weight loss fluctuations revealed that:

a)  accurate contrnl of the angle hetween the specimen surface and the drum oculd not
be maintained. This resulted in variations in the stress on the wearing surface during
a run. In some cases only one corner of a specimen was in contact with the rubber
drum causing an increase in the stress and increases in the wear rate.

b)  duc to the manual refoading of the specimens, a specimen could ncvcr be reloaded in
exactly the same position or orientation twice. Rotation of tho s;m:mcns ahout their

axis caused tke wear ridges formed during previous wear p';nods to be proferentially
removed, accelerating the wear rate.

3.13.2. Mudified 3-body abrasion tests

On account of the weight loss fluctuations experienced in the "original” 3-body abrasion tests
the causes of the fluctuations (see Section 3.13.1) were removed by designing a new
specimen holder system in which the specimen was permanently mounted in an accurately

machined holder {referred to as holder 1, see Figure 3.8). This fitted accurately into a second
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holder (referred to as holder 2, see Figure 3.6). Holder 1 was located in holder 2 and then
secured by a dowel pin which forced the specimens into the same position and orientation
throughout a test run. Holder 2 was permanently attzched to the wear rig load arm. The
specimen was secured into holder 1 with two grub screws. The gap lety betweea the specimen
and holder 1 was filled with plasticine. This was then scaled with lacquer to prevent stusry
peoetration and subsequent errors in weight ioss measurements. Details of this holder system
are shown in Flglln- 3.6 and 3.7. Afte: mounting and sealing the specimen in holder 1,
ho!dulwuplwe(‘iﬂntontothebaseofnsurfaccmnder.withthespccuncnfacmgupwa:d
and beld in a V-block. 30um of material were removed per pass until the surface of the
spocimen was parallel to the base of holder 1. To produce the same surface finish on every
specimen, a further 5 passes, in which 10pum was removed per pass, were carried out.
Grinding was carried out with copious amounts of cooling fluid.

B
i
Ay

Cantiiever Armi-.-....__,,___
Holder 2
Looating Dowel Pin
Holder 1 B Db
Grub Screws (m)\ Sorews
(M4)
Qf
J—
0 Y

Figure 3.6 ~ Schematic dizgram of the modified specimen holder
system n



Figure .7 ~ TL2 modified holder system

The specimen mounted in holder 1 was washed, dried, weighed and placed into holder 2. This
procedure was repeated for the remaining 3 specimens which were tested simultanecusly in
the modified test rig. The specimens were tested § times under the same conditions described
in Section 3.13.1 except that a period of 30 minutes was used for cach test. The wem
specimens were cleaned, dried, carbon coated and stored for SEM analysis.

3.14. Two-body abrasion tests

These were performed con 2 shaping machtine. A plate was moaunted on the table of the shaper
and machined flat. 220 grit corundum paper was mounied on this platc. An arm designed to
hold the same 2 part holder system described in Section 3.13.2 was attached to the tool post.
The arm consisted of a steel rod with a double flat at the bottom onto which holder 2 was
fastened. The rod was covered by a teflon insert which ran in two teflon supports attached
dircctly to the tool post. The weflon surfaces reduced friction to a minimum leaving the arm
and specimen holders to move freely under their weight. A teflon screw located on the upper
support ran through to a slot «ut into the teflon insert on the specimen holder rod. This
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prevented the rod from rotating about its #xis during experim-ital runk. The design is
in Figure 3.8. Care was taken to remove any dust from the teflon surfaces, prior to running
tests o ensure the unhindered movement of the specimen holider up and down, '

The specimens were prepared and mounted as described i Section 3.13.2 and wvcrc tested
under a 753g load (0.090MPa). A test consisted of 260 strokes each of 240mm length. The
specimen moved laterally , exposing the sample tc fresh abrasive paper, a distance of 1$5mm
during the 260 strokes. A schematic of the specimen movement is skown in Figure 3.9. After
cvery test the specimen and‘.’specimcn holder 1, were cleaned and weighed. New corundum
sandpaper was used for every test. Every sample was subjected to a min of S tests. Figure
3.10. shows the testing machine used for the two body abrasion work. After testing, the
specimens were cleaned, carbon coated and stored for SEM analysis.

Spacimen holder fres to move under
gravity i Taflon inserts

Grindiqg paperl ' Specimen
n R it N

\ Specimen reciprocates on
grinding paper

Base moves across in steps of
G.75mm

Figure 3.8 ~ Schematic of 2-body abraslon rig
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3.15. Microhardness measurcinents

Hardness represents the resistance of a material to indentation'. Several factors influence the'
resuits obtained when measuring hardness. Vickers microhardness tests were done on a Leco
M—400A microhardness testing machine to determine the effect of the carbide pasticle size
on the measured hardness of VC particies. A 19g load was used to obtain the indentations,
Circular or oval carbide particles were tested. The influence of long dendrites hreaking up
under foad was therefore ignored. The microhardness together with the maximum and

Y
v !

m

Eeeae . Base moves across in
) Steps of 0.75mm
e e

ol == [

L)

9

Spetimen moves across the base 260 timeg

Figure 3.9 - Path followed by the Z~body abrasion specimens on the 220 grit
corundum paper,

minimum dimensions of the carbide particles were measured. The carbide particle size was

calculated using the average of the maximum and minimum sizes measured. The posxtmn of
the indentations in relation to the carbide particle pcnmetcr were recorded. These tests were
carricd out on 2 allays namely VF609 and 681C. These alloys had similar microstructures
{0« with different Fe/V ratios and differing amourts of V). Ten indcﬁtations were made in
the matrices of these alloy.
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Comparative wear results were obtained by testing commercially available hardfacing
materials. These alloys were supplied welded onto 10mm thick plate. The material had been
deposited in a 35mm wide weave pattern for a distance of 300mm. The deposit had an
average thickness of between 5 to 10mm.

Three alloys were tested covering the principle range of hardfacing alioys available. These
included chromium carbide, mixed carbide and tungsten carbidg containing alloys. All had
iron matrices. The compositions are shown in Table 3.2. The vhromium catbide and tungsten
carbide types are usually used for highly abrasive applications. The mixed carbide type is
used for abrasive applications in high temperatures environments.

o
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5% carbon;

3% many,anesc
0.8% sitivon;

27% chmml_gﬁ

Mixed carbide . 2 . ca;Tm
| ganm,

0.5% s:lwan
2% chrmmum,
7.2% niobium; -
| 0.5% vanadium

Note : i} 10 hardness measurements taken.
ii) The balance of the alloys is iron.

o



4. RESULTS
4.1 Alloy preparation and chemistzy

Table 4.1 gives the chemical anaf;,'scs of the alloys made. Due to experimental ervor and

different chemical analysis techniques, the results ¢ . not always add up to 100% (refer to

Section 5.1). Difizrences occurred between nominal and actual compositions. Phase 1 alloys

showed a 'nss of both carbou and vanadium except for Alloy VC2 which "gained” some

vanadium. Alloy VC4 lost significantly mor. vanadium and carbon than Alloy VC3. Alloy

VC4 was prepared using VC particles of abou? 45pm whils for Alloy VC3 the VC particles
. used were significantly smalier.

Phase 2 alloys also showed varying gains and losses of ¢.wrbon and vanadium. The FeV used
to make Alloys VFS577, VFS78, VH,W VF607, VFEO8 and VIFGDY was supplied with a test
certificate stafing it contained hétween 50 to 60% vanadium but due to mix-up in supply,
actually zontained between 80 to 50%. This resulted in the alloys having a higher than
expected vanadium conient. The carbon conient also fluctuated. This error only affected the
proportions of the phases and not the types of phases present. For this reason the alloys were
not remade and investigated further. '

Alloy VFG09 was different from the rest of the materials in that it never appeared to be
cosipletely liquid during melting. When poured from the crucible into the mould it was
extremely viscous. This was pmobably due to its high liquidus teﬁ:f;"eraturc.

The chemistry of Phase 3 alloys ueviated less from nominal than Phase 1 and 2 alloys.

“
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Table 4.1. ~ Chemici) analyses of the samples.
T el

P i sy
Alloy C W% Ciowi% | vw%h VL™ widh Fe wi% Al wvt® Si % P wm% 3 m%

I Ve 2 1.7 1 87 {05} 96,0 a.16 <002 001 01
VG 3 10 0.3 8.2 05 %09 035 02 .01 0.02 l
Ve & 0.2 11 32 5.5 9.6 005 <002 <001 042 :l
Ve 5 14 a5 59 23 9.2 0.10 an} oenl om
vC 5 08 | 06 59k 2B $3.6 e | v om <001 tm I
vC 7 12 14 91y . 83 9.6 037 <002 001 0.0? l
Ve 17 21 94 80 8.1 a.97 AR 003 1 0025 I
VFS76 53 23} o209 113 7.6 035 007 £.01 0.08
VESTT 18 m.8) 554 .7 K05 095 067 ami| o3
VES78 27 a3 4.3 an 0.9 1.10 .78 002 | 0045
VEST9 08 e | s w 75 046 01| an 002
VEGT 43} 0.7 25.6 5.6 69.5 056 043 | <«@m 2.02
VI609 95 141 6 1.3 28.7 109 096 0.03 002 l
5814 7.4 i0.4) 403 0.5 s 0.88 129 00t 004
681C 12 02 413 (3) 51.2 0.5 141 00} 005
AFSEIC 14 0.3 10.4 0.4) B5.6 0.19 024 001 § w01 I
AFS34C 52 01 19.3 0.7 %2 039 058 «am | Qo1
AFSESC 6.2 06 8.7 L3 5.1 0.64 o «0.01 -M"IJ

I AFS86A 14 10.2) 479 54) 477 D84 020 aot | @0t
AFSRIC 48 02 204 ©4) 751 062 037 <23 ] O
AFSERC 64 a4 A1 9.1) 739 0.63 A4 «0.01 <0.01
AFS89C 75 ©.0 179 21 o 053 043 601 § 0:

l AFSB3A 11 03 1.8 o5 5.0 0.19 0.24 <001 01 I

I AFSBAA 58 ©.1) 19.1 0.7 .5 0.34 0.4K% <01 | <«on

I AFSESA, 12 104 336 36 589 0.65 0.76 om | w0 I

I AFSE3A 6.1 0.7 179 21 750 0.66 043 <00 <01 I

I AFSB9A 14 0 180 20 151 | 0.54 146 an | <o

&)

(in)

CL ~ carhon lost during manufacture. Gains are indicated with bold in

brackets.

in brackats.

%

VL - vanadium lost during alloy manu_i_’gclurc. Gains are indicated with bold

N.B. An insulficient amount of Alloy VF608 rcmained after ~xperimentation for chemical

analysis to be performed.



- 36—
4.2. Sroichiometric and density caleulations

The chemical analyses and assumptions made in Section 3.4 were used to calculate the
expected volume and weight percentages of phases in each alloy. The VC. particles were
assumed to be either VG, or VG, based on litarature and the X-ray difiyaction dara
presented fater. The V/Fe ratio was determined using the same assumptions. The results of
these calculations are shown in Tables 4.2 and 4.3 respectively. Based on the assumed VC,
phase fomwtﬁ and the depsitics ;.iven in Section 3.4, the theoretical densitics were determined.
These results are shown in Table 4.4 together with the measured densities of the alloys.

The chemical analysis was used to determine the phases present on the S00°C isotherm and
the liquidns surface of the Fe-V-C phase diagram. The predicted weight and volume
w sre presented in Table 4.5. The proportions of prmary VC,_y and o formed in
v liquid prior to eutectic or peritectic reactions taking place are included in Table 4.5. The
pudﬂm of Phase 1, 2 arid 3 alloys bascid on the chemical compositions are indicated on the
liquidas, 1100°C and 500°C isotherms of the Fe-V-C equilibrium phase dtagrams‘” in
) Flgllm 4.1, 42 and 4,3 with "x", "+" and " *" respectively.
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Table 4.2, - The weight and volume proportions calculated for the alloys assuming VC,

N.B. The possibility of other phast:«.sl

o

was not considered.

formed.
Alioy VCyi Fe,C Fev, ViPe W% in
wi% (vol%) wi% (vol%) wt% (vol%) «
'rvcz 10.24 (13.30) 241 (236 87.35 (84.34) 0.00
vC3 6.65 (3.75) 000 {0.00) 9335 (91.25) 0.03
I vC4 133 (1L.78) Q.60 (0.00) 98.67 (98.22) 0602
vCs 694 (@.i1) 533 (527 8773 (85.62) 0.00
ve? 7.99 (10.45) 0.00 (0.00) 92.01 (89.55) 0.03
o 1131 (14.64) 0.00 (0.00) 88.69 (85.36) 010
VF575 24.60 (30.38) 31.45 (29.26) 4395 (40.36) 5.00
VFST? 1198 (15.47) 0.00 (0.00) 58,07 (84.53) L
VEST8 17.97 (22.15) 000 (0.00) 82.3 (77.25) 1.59
VFs79 532 (7.03) 000 (0.00) 94.68 (92.97) .31
VF607 28.62 (35.03) 0.00 (0.00) 71 38 (4.57) 007
VF609 62.89 (69.50) 0.06 {000 37.11 (30.50) _r;ss j
I 681A 48.02 (55.38) 2.i6 (2.40) 4922 (42.22) 0.00 I
} ss1c 47.91 (55.30) 000 (0.00) 5209 (44.70) 1 0.0} 1
AES23C 12.24 (15.57) 18.10 (17.55) 69.66 (66.69) 0.00
AFS33C | 271 (2824 25.97 (24.32) 51.32 (47.45) 0.00
AFSS5C | 3378 (40.60) 16.81 (15.22) 49.41 (44.17) 000
AFSS6A | 2229 (7184) 0.00 {0.00) 77.71 (72.16) 061 ;
AFSS7C | 2401 29.76) 17.08 (15.94) 58.91 (54.30) 0.00 |
rAFsasc 23.60 (29.20) 4192 (39.07) 34.48 (31.73) 0.00
I AFSESC | 2107 @621 £4.05 (60.02) 14.88 (13.77) 0.00
AFS83A 1271 (16.34) 17.79 (17.23) 69.50 (66.43) 0.00
AFSB4A | 2248 (2795) 3023 (28.32) 4129 (43.73) 0.00 I
AFSSsA | 3954 a6 18.81 (16.73) 41.65 (36.57) 0.0
AFSERA 2197 (26.27) 43,87 (41.21) 3507 (3252 © § 0.00 i
APSBIA | 2118 2635) 6229 (58.36) 1653 (1529) __ | 000 I



Table 4.3. - The weight and volume proportions calculated for the alloys assuming VC,

.38 ~

formed.
Alloy VCas FesC FeV, ViFe
wi% (vol%) wi% (val%) wt% {vol%) wi% in
[+
vC2 9.9 (12.9) 0N o0 90.1 {87.1) 0.01
Vo3 58 (16) 00 (0.0) 04.2 (92.4) 0.04
vC4 12 (1L6) 00 (©0) 98.8 (98.9) 0.02
VG5 71 (93) 26 (26) 90.3 (85.1) 0.00
vOS 471 62 00 ©0) 953 (93.5) 0.02
veT 78 @1 00 (0.0} 93.0 (50.8) 0.04
ves 99 (129) 00 (0.0) 90,1 (87.1) o.o01
veste | 252 (L) 22.4 20.8) 52.4 (48.1) 0.00
VFS77 105 (13.6) 00 (09) 89.5 (36.4) 115
vEs78 | 157 (200) 98 (0.0) | 84.3 @oy 1.66
vise | 47 (62 8O (©O) 953 (93.8) 032 |
VES07 | 250 (3LO) 00 0.0) 75.0 (69.0) 007 |
Voo | 549 (621 00 (0.0) 45.1 (37.9) ass |
681A #.1 (50.5) 00 (0.0) 56.9 (49.5) 011
881C 419 (49.2) 00 (09) 58.1 (50.8) 012
AR | 126162) 13.1 (12.7) 743 (1L.1) 0.00
AFSSac | 233 (28.4) 17.9 (16.7) 58.8 (34.3) 0.00
AFSSSC | 347@417) 36 (33 617 (55.7) 0.00 |
AF586A | 198 (249) 00 (0.0) 80.2 (75.1) 0.66
AFSRTC | 246 (30.5) 85 (1.9) 66.8 (61.6) (.00
AF588C | 243 300y 333 (31.9) 424 (39.0) 0.00
AFSBOC | 216 (269) 56.6 (53.0) 21.8 (20.2) 0.00
AF583A | 130167 12.8 (12.4) 74.1 (709) 000 |
| apssea | 231 @a7) 21.5 (20.1) 555 (51.2) 0.00
AFS85A | 406 (47.9) 34 (0 55.0 (49.1) 0.00
AF588A | 216 (26.9) 35.7 (33.5) 42.7 (39.6) 0.00

217 (27.0)

54.8 (51.3)

1235217

N.B. The possibility of ottier phases was not considered.
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Table 4.4. - The calculated densities of the alloys assuming VG, and VG, formed am:l

using the assmnptions in Section 3.4, The measured vaiues are aiso given.

VG4 781 781 - I |
vCS 162 7.63 155

vC7 159 763 7.64 1
VCS 7.49 ' 7.56 7.58

VFS76 7,06 731 7,03

VESTT 747 7.54 -

VESTS 729 739 -

VFST9 768 _ 7.71 -

VE6O? 659 7.14 6.96

VRS9 | 615 643 6.03 -
6814 6:49 670 6.50

s81C 650 | 673 s

AFSS3C | 743 246 745

AFSBAC | 712 7.13 712

AFS8SC | 683 695 {680 !
AFS86A | 717 7.28 | 6.56 i
AFSSIC | 710 7.14 7.09 -
AFsgsC | 708 7.12 7.06

arssoc | 112 717 6.88

APsg3A | 142 7.45 745 |
AF584A | 742 717 709

AFsgsA | 648 675 6.86 l
AFsEsA | 7.14 7.19 6.76

AFSE9A | 712 - 716 | 7.00 I
_ o - :

N.B. Th:_;possibility of other phases was not mnsicﬁercd.



Table 4.5. - The phases present in the alloys on the 500°C isotherm and liquidus surface |
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C

ey
L
o
-
S

Sa

of the Fe~V~C phase dizgram. The liquidus temperature is also givén.

ST “—mﬂ——m
Alloy o VG FelC Im v,C 1] VC, x o !fol% at | Ligquid
vol% { vol® vol% | vol% | vol% 1§ val% vol% at solidus emp |
| solidus temp. o)
| temp.
E V(2 89.5 10.5 - - - - - 13 1370
| ves 01 |- - -~ 89 |- - 46 1410
vCa 94.1 - - £9 - - - 86 1500
vGs 925 75 - - -
vCo 938 62 - - e
l vC? 50.2 449 - - 4.9
vC8 89.1 19 - - -
I VF576 529 1265 206 - -
| VE577 - - - - 269
VF578 - - - - 15.8
VE579 e § - - 230 |~
VFGO7 60.8 302 - - -
Bvieos {26 {774 |- - -
| 681A 488 Ysv2 |- - -
I €81C 488 | 50.2 - - -
LA5583C 74.2 13.0 128 - -
AFS584C | 593 | 241 166 | - -
AFS85C | 585 38 57 - -
| AF586A | - - - 98.2 | L8
AFSRIC 1 647 254 99 - -
AVSRRC ) 411 25.5 334 - -
AFSRSC | 253 259 48.8 - -
AFS83A | 733 114 15.6 - -
AF584A | 5A8 236 19.6 - -
Al'SBSA | 57.5 445 20 - -
AFsseA 1368 216 |46 |- |-
I AF5864 | 207 24 56.9 -
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Figure 4.3. ~ Position of alloys on the S60°C isotherm of the Fe-V-C equilibrium
phase diageam™.
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4.3. &mmm:.nmlxm

Results obtained from X-ray diffraction analysis indicated the presence of o, cither VG, or
Vs and Fe,C. Other peaks were scen but due to low counts could not be posnt:\*fly
identified. The d-spacings of the two carbide types obtained from the Joint Committe on
Powder Diffraction Standards (JCPDS) file, showed the peaks for the two carbides’to be close
to cach other. Althbugh the full diffractograms were used to identify the phases, oniy the four
or five highest p\w\ks were used for iattice parameter calculation purposes. The standards for
pure Fe and tis o ﬁ}\l{d solution with V (-FeV) are shown in Table 4.6. This tablc shows
the measured d-spacings for a. The calculated lamcc parameters are also given. The 4 major
d-spacings of the VC,_x phase measured for the alloys are given with the calculated lattice
parameters in Table 4.7. A farge number of different Fe,C, phases appear in the JCPDS files.
The relatively low volume percentage of Fe,C, which was present in the alloys together with
d-value overlaps made it extremely difficult to determine which Fe,C, phases were present.
D~ to the low volume percentages of Fe,Cy present in the alloys (ie below 5 vol%) the
possible presence of other Fe,Cy phases could not be sxcluded, but the only identified Fe,C,
was the orthorhombic Fe,C phase or cementite. The five major cl--spaclngs for this phase arc
shown in Table 4.8 were these could be obtained, The standard Fe,C phaso peaks are also
shown.

=
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Table 4.6, -~ X-ray diffraction data s.nowing the d-spacings of the § highcst a peaks snd

kil

the lattice parameters calcuiated from thems.

I e
I Alloy | Peak 1 | Peak2 | Peak3 | Poakd | Peaks | pan. I
a1y  (211) (310) (220) {200) Parar.
| Feve 203201 11820 09180 | 10260 | 144e0] 28739 I
! b | 20| timz] o0oo6e| ro;ss| rema| 28ees §
vC2 2063 | Lina| ovome | 1ous]| iase] 2sesa
ve3 20057 | 1170 | osogr i 1015t | 1434 | 28667 |
VCA 20070 | 1176 osors | 10152 rasssi 28701
ves 2003 | 1ame| osor3l rowe0] r4ms{ 2sess
{ vos 20003} 11707 ] oso73| 10140} 14330 2.8662
o/ 20274 § 13722 ] 09084 | 10153 | 14358 | 2074 v
vCE 20051 | vniTi4] oso77 | 10ia7| 14sas} 23690 ' N
VF576 20186 | 11701) ososr| noms| 13mo) 24ses |
VE607 20063 | 1ams | o90s6 | ro1se | 1asesj 28726 |
VEG09 20309 | 11750 | osm3| 1o177] 143s| 2873 iy
I AFS83A 20257 | 1am7| ovoso{ 10151 | r43e4 | 25665 ‘\
AF583C 202421 11700 09066 ] 10136] 14321 ) 28616 | -
AF584A 20461 1iviz| o078 | 10141 1438 | 28709
AFS84C 2021 11603 § < w60 | 10128 | 14301 | 28563
I AF385A 20240 |  11722] 09068 | 10131 | 14342 | 28728
I AF585C 20214} 11695 | 09065 F 10120} 14377 23843
I AF586A 20407 L1775 ] 091531 10158 | 14452 2981
lAF':s?c 2026 11707 09076 | 10137 1432 | 28622
AF5884 20280 11708] o901z | 10m3] ra3e1| 2867
AFsesc 1 202721 t1m4 ] o908t | 10147 i43ss) 28738
AFS89A 20255 11720} 09072 | 10148 | 14346 | 28463 I
AFS8YC 202361 11706| 090731 1042} 1432 zsmﬂ
681C 20276 ) L1725 ] 09086 | 10156 | 1.4363 zms]
DR VAR R

(1) Standard d-spacings ' -
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Tabié 4.7. - X-ray diffraction data showing the d-spacings of the 4 highest VC, ., peaks
with the calcuisted lattice parameters ‘based on the sssumption that cubic Vo or
VG, formed. T
R . ” . b
Peak 1 | Poak 2 | Posk 3 | Peak 4 | ¥Cuis | Corr. | VO
a0 e |ony e | coet {ram
200 {147 | 1250 | 416
208 | 14m | 1256 £33
20772 | 14686 | 12536 | 41639 § 0823 | 83278 {osms
20720 § 14661 }°1.2526 | 41635 | 0845 | 83270 | 0945
- 14650 | 12529 | -~ - . -
20763 | 14693 | 12536 | 41631 | 0967 | 83262 | 0967
20733 | 14659 { 12517 | 41561 | 0861 | 83082 | 0861,
20747 | 14680 | 12519 | 41542 | 0966 | 83084 | 0965
20769 | 14687 | 12534 | 4157 | 0804 | 83152 | 0804
20702 | 1.4689 | 1.2529 | 41608 | 0987 | 83196 | 0987

j
20681 "1 14662 | 1.2508 | 4.1567 | 0974 ; 83134 } 0974 i
!
i
i

20650 | 1.4626 | 12472 | 41455 | 0974 | 32010 | 0974
20720 | 14609 | 1.2503 § 4.1523 | 0996 | 8.3046 | 0.996
20774 | 14703 | 12548 | 4.1670 | 0988 | 83340 | 0.958
2395 | 20788 | 1.4716 | 12551 | 41671 | 0989 | 83342 | osue
23958 | 20760 | 1.4703 } 1.2538 | 4.1646 | 0978 | 83202 | 0978
23954 | 20772 | 14700 | 12541 | 41643 | 0985 | 83282 ] 0.985
AF58SA | 23964 | 20765 | 14693 | 12533 | 41601 § 0992 8322 | 0952
AFS8SC § 23915 | 20738 | 14680 | 12528 | 4.1616 | 0985 | 83232 § 0985
Aps87C | 23964 | 2,070 | 14091 | 12537 | 4a513 | 098s | 83226 | 098¢
AF588A | 23955 | 20742 | 1.4706 | 1.2543 | 4.1678 | 0949 | 83356 | 0.049
AFS88C | 2.4004 | 20792 {14719 | 1.551 | 4.1666 | 0961 | 83332 | 0961
ArsgoA | 24007 | 20785 | 147g | 12722 | 41676 § 0925 | 83352 | 0925
AFSBC | 2.3946 | 20763 § 14700 | 12544 | 41672 § o991 | 83342 | 0901

A i

(1) Standard d-spacings - u



Table 4.8, ~ X-ray diffraction data showing the d-spucings of the 4 highest Fe,C peaks.
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Peak 3
(021}
2380
vC2 - - ~
V(3 - - -
(i ) 1
vCS - | 207631 23945
Vo - - -
vC7 - - -
vCi - - -
VFS76 20186 | 20702 | 23866
VF607 - - -
VFG09 - - - - -
AFS83A | 20095 { 20774 | 23964 ~ | 20257
AF583C -] zo7ss | 23ve0] 21022 | 20242
AFSB4A -} 2070 23958 | 21020 | 2048
AFS84C ~| 20m5| 23687 | 21004 { 2022
AFS85A ~ | 20m3| 23964 | 21004 | 2020
AF585C -{ 2078 ] 23015] 2080 | 20214
AF536A - - - - -
A¥S87C -1 20| 23761 | 21025 | 26046
AF588A | 20080 § 20596 | 23778 | 2004 | 20038
arsisc | 20120 | 200 | 24006 | ¢ -] 20ms |
AFS89A § 20093 | 20785 1 23796 | 21027 | 2.005% I
AF589C -1 20610 | 23784 | 20981 | 2023
681C - ~ - - -
— SSTUUE S

(1) Standard d-spacings

Y
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4.4. Results of Mgssbauer Spectroscopy

Only four of the Mossbauer Spectra obained together with their magnetic hyperfine profiles

are presented in detail. Figure 4.4 gives the distributions for Alloys VF607, AF584C,
AFS88C and AF609 which are represontative of the remaining results given in Table 4.9,

The Mosshauer spectra obtained from Ailoys AFS84C, AFS8BC and YF6Q7 resembled the

_pure Fe spectra relatively closely with AFS84C and AFS88C showing additional peaks. The

analysis of these indicated a sextet corresponding to a magnetic field smaller than 26T with
an isomeric shift higher than that of a~Fe. A fit indicated that this second component had

“ Mossbauer parameters close to those of Fe,C.

Hg_ms. 4.4 shows the megnetic field distriﬁution extracted from the Mssbauer spectra for the
a~FeV ‘phase and for the Fe, C, phase. In the case of Alloy VF609, only the distribution for
the a—iz:f“ phase is given becavse no Fe,Cy phase was prescqt. In the a~FeV phase, Fe and
V were assumed to be distributed at random, so that an Fe atom could be surrounded by 8

. or7 or 6, e, Fe atoms and 0 or 1 or 2, etc,, V atoms. The magnetic ficld depends on the

nunber of magnetic neighbou:s and the presence of V neighbours is expected to 1educe the
‘magpetic ficld of pure Fe (33T at 300K) because V has no magnetic moment. As shown in
Figure 4.4 the magnetic hyperfine fields obtained were as follows:

Alloy VE .Y :33, 31,729, 27 and 25 T

Alloy AF584C : 33,31, 27 T

Alloy AFS88C : 33,31,27T

Alloy VF609 :33,31,27T

Thus, the reduction in magnetic field appeared to be of the order of 2.140.4 T per neighbour.
The maguitude of this reduction in magnetic ficld agrees with the results obtained when Fe
atomss were substituted by Al or Ti atoms™* and the work done on FeV alloys™, where the
reduction per ¥V atom in the nearest neighbours shell is not exactly proportional to the numt 2r
of V neighbours due to the fact that : (1) there is moze thar one possible configuration with
a1 Fe atom suirounded by more thag one \Y ato.n__;, a:id (2) the influcnce of the next-nearest

ncighbours is not negligible,
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Figure 4.4, ~ Mdssbauer spectra obtained from alloys VF607, AF584C, AFS88C and
VF609, including the magnetic hyperfine profiles for the a-FeV solid solution and
Fe,C phases.
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By oompanng the a-FeV magnetlc hyperfine distributions (MHD) for Alloys VF609,
AFSB4C ard AF588C (sec Figure 4.4), nappeamthathﬂoyVFGﬂchema;ontyofﬁn
\ Fe atoms had threc V ncighbours (27 T). while in the other alloys the majority of the Fe
;oms had no V ncighbours. This agrees with the higher V content of a-FeV in Alloy
V609 predicted by stoichiometric calculations (see Table 4.9). The a-FeV magnetic field
distributions were compared with the simulated distributions and good agreement was fovnd.

'l‘hcMHmeﬁlcw-oftheFe,Cvphascmmdofﬂsztdwcm:pub(s»cﬁgunu)
‘mchighutpoakswminthrZzw%TmpmlioysM&CmdM(at 80K)
which were expected to contain Fe,C and in which Fe,C had been confirmed by X-ray
diffraction. Many peaks coincided with the peaks reported by Matteazzi et al®", which were
attributod 0 FeyC, carbides of various stoichiometrics. Some of the pecks are still

~ unidentified. From th. work it was doduced that Fe,C was prescnt although tie presence of
" other peaks indicate that small amounts of other phates were also gifesent. Good agreement
was found with the stoichiometric calc.lations in Table 49.

In the case of Alloy VF609, the second component (at 80K) was not Fe,C (as confirmed by
X-ray diffrattion) but it appears to correspond 10 a quadropole doublet (I'he origin of this
component may be superperamagnetismn. The room temperatuse speu«tfof oys AFSEAC and
AF588C present, besides the two components already described, a third component which is
also a strong central quadropole doublet around zero velocity. Since the absorbtion lines
disappear at 80& they may be due to very small particles (less then 30nm in diameter) in
which the magnetic mements cannot be aligned, leading therefore to supcrparamagnetism. In
the case of Alloy VF609, the quadropole doublet is present at both 80 and 300K, which
suggested the presence of paiticles even smaller than “25nm.

I



Table 4.9. -
calcuistions and Mdssbauer measurements

-~ 51 -

b

Comparison of matrix and a-FeV compositions obulned by stolchlometric

M'atrix

o—-Phase

Calculated |

Alloy Calculated
composition | matrix - { compositior | a-phase -
from MS® composition | from MS® | composition

" Fe,C mol%/ § ¥Fs,C moi%/ | Fe mol%/ | Fe mol%/

a~Fe moi% | a-Fe mol% | V mol% Vv mol%
46/54 9.4/0.6 , - 10/0
“W/100 6/4 82
/100 9/1 9.70.3
w100 6/4 /3
26/74 990.1 10/0
39/61 9.97/0.03 10/0
29/71 9.5/0.3 100 -
&0/40 8.9/1.1 10/0
59/41 9.6/0.4 10/0

ﬁ) . MS = Mossbauer Spectroscopy

(i) Tiis value was obtained assuming that v additional phase that appeared to
be present was Fe,C.

i
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4.5. Metallography

Most of the alloys showed phases which agreed with the phase diagram. The non equilibrium
conling resulted in the shifting of the composition boundaries so that the Fe,C and giiphite
phases appeared at lower C contents than predicted. These are described later in this section.

Overlaps between Phase 2 and 3 alloys lead to all the alloys being classified according to the
microstructure. Phase 1 atloys had o as the primary phasc. Most of Phase 2 alloys and all of
Phase 3 alloys had VC,_x as the primary phase. VC only formed in Phase 1 alloys by one of
the transformation reactions, The resultant catbide particles in Phase 1 alioys Vf)}rc therefore
small. The solidification of Phase 1 afloys is described in groups 1 to 3 with the remainder
of the groups containing Phase 2 and 3 alloys

Group 1 contained Alloys VC2, V75 and VCS8. All these alloys showed a0 and VC,_ at room
temperature. Solidification started with primary ferrite dendrites and ended with a cutectic
reaction to form o and VC,_y in the interdendritic regions. Further cooling caused a secondary
finer precipitation of VC, 4 in the a dendrites (sec Figures 4.5 to 4.7).

Figure 4.5. ~ Alloy YC2 - Dendrites of ¢ in a2 matrix of gutectic e and VC, ;.
Etched 2% Nital, 500X



Figure 4.6. - Alloy VC5 ~ Dendritic ¢ surrounded by a eutectic of VC, x and a. The
dendritic @ shows small, darker precipitate particles probably of VO, . »
Etchcd 2% Nital, 500X

\-'5-'. -
-3 ,:i’j‘.}t

Figure 4.7. - Alloy VC8 —  surrounded by # eutectic of VC,., and & The & shows
precipitate particles of VC, x.

Etched 2% Nital, 500X
Group 2 consists of Alloys VC3, VC6 and VC7. These alloys contained primary o with a
eutectic of VC,_ and o Cooling prediémd a peritectoid reaction in which VC,_, and some

n were consumed to form V,C. The microstructures of these alloys are seen in Flgure 4.8

g

The last group of Phase 1 alloys consists only of Alloy VC4. After the primary o, a,;small



Figure 4.8. - Alloy VC3 - Dendritic a surrounded by entectic VC,_, and . A few V,C
particles appear to be present in the o
Etched 2% Nital, 500X )

Figure 4.9. - Alloy ViC6 - Dendritlic a surrounded by eutectic VC, ; and a. Few
secondary V,C particles are also present.
Etched 2% Nital, S00X

amount of eutectic VC,_,, and o was formed. Further cobling resulted in the ternary v being
formed in a peritectoid reaction. The morphology of the carbide tends to be more rod-like
in contrast with previous carbides scen. Figure 4.11 shows the microstructure of this alloy.

Group 4 containcd the Phase 2 and 3 Alloys VEa7h AFS583A, AF583C, AFS584A, AFSB4C,

At
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Figure 4.10. ~ Alloy VC7 ~ Dendritic a surrounded by eutectic VC, x snd a. Kew

secondary V,C particles are present due to the iocomplete peritectoid reactfon.
Etched 2% Nital, 500X

Figure 4.11. - Alloy VC4 - Eutectic @ and VC_y with some V,C
Etched 2% Nital, 500X '

AF585A, AFS585C and AFSBTC. Solidification started with dendritic VC,_,. This continued
until the eutectic composition was reached when y and VC1-X precipitated, These are the
phases present on the 1100°C jsotherm of the Fe-V-C phasc diagram. Further cooling

resulted in the y undergoing the cutectoid reaction forming pearlite (o and Fe,C). The alloys
are shown in Figures 4.12 to 4.19,

Group 5 contains Alloys AF58BA, AF588C, AF589A and AF589C. Solidification starts with



Figure 4.12. - Alloy VF576 ~ Dendrites of VC,  in pearlite and cementite.
Etched in 2% nital followed by 30seconds etch at 1.5V in lead acetate, 1000X

Figure 4.13. - Alloy AF583A ~ Spheroidal VC,_y in pearlite,
Etched in 2% nital foliowed by 30seconds cich at 1.5V in lepd acetate, 400X

the precipitation of VC, «. This is then followed by the coarse sutectic of Fe,C and y. The
remaining lignid then probably undergoes a ternary eutectic reaction to form ledeburite (Fe,C
and y). Further cooling results in the y undergoing the eutectoid reaction to form pearlite. Fbr
Alloys AF589A and AF5S89C, the non equilibrium cooling moved the composition into ihe
free graphite region causing the precipitation of graphitc. These alloys are shown in Figure

4.20 to0 4.23. i
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Figure 4.14. -~ Alloy AF583C - Spheroldal VC, 4 in pearlite.
Efched in 2% nital followed by 30seconds etch at 1.5V in lead acetate, 400X

Figure 4.15. ~ Alloy AF534A - Dendrites of VC,_y in peardite.
~ Btched in 2% nital followed by 30seconds etch at 1.5V in lecd acetate, 400X

The next group of alloys contain Alloys VFS7, VFGOQ, 681A and 681C. These alloys all
formed primary dendritic VC,_x The remaining liquid underwent a eutectic reaction forming
VC,.x and o. These alloys are shown in Figure 4.24 to 4.27. '

The remaining four alioys fall into a scparale category. These alloys showed infcrior
microstructures. The surfaces of these alloys were cxtremely difficuit to prepare as material

would detach from the bulk sample during petishing. The most successfully prepared samples
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., Foghre 4.16. - Alloy AF584C - Dendrites of VC,y In peariite,
S eddc 2% nital followed by 30seconds etch at 1.5V in lead acetate, 400X

i

i\

Figare 4.17, — Alloy AF58, s - Dendrites of VCy.; in pearlite.
Etched in 2% nital followed by 30seconds etch at 1.5V in led. acetate, 400X

arc shown here. They still show cfacking and areas in which some phases have spatled. From
the 500°C isotherm of the Fe~V-C phase diagram the alloys are Sluppmcd to contain the
phases as follows:
Alloy VF5§77 o, n and V,C,
Alloy VF578 o and V,C.
Alloy VF579 o and 1.
Alloy AF586A 1 and V,C.



Sy

Figure 4.18. ~ Alloy AFSS5C — Dendrites of VCoy In poprifte.
Etched in 2% nital followed by 30scconds etch at 1.5V injfead acotate, 400X

%

Figure 4.19. - Alloy AFS87C - Dendrites of VC, 4 In pearlite.
Etched in 2% nital followed by 30seconds etch at 1.5V in lead acetate, 400X

“These alloys are shown in Figure 4.28 to 431,



_ Figure 4.20. - Alloy AFS83A - Dendritic VC, ¢ In » matrix of ledeburite and peartite.
Etched in 2% nital, followed by 30scconds at 1.5V in lead acetate, 400X

Flaure 4.21. ~ Alloy AF588C ~ Dendritic VC, x in a matrix of Iadebuiite and pearlite.
Etched in 2% nital, followed by 30seconds at 1.5V in lead acetate, 400X
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Figure 422. -~ Alloy AFS89A ~ Dendrmc VC,x in a matrix of ledeburite and pm'lite

Frec gruphite appears fo an 1 usual ring form.
- Etched in 2% nital, followed by 30seconds at 1.5V in lead acetate, 400X

Vigure 4.23. ~ Alioy AF589C ~ Dendritic VCy.x it @ matrix of ledeburite and peatite.
Free graphlte also present.
Etched in 2% nital, followed by 30seconds at 1.5V in lead acetate, 400X



Figure 424 ~ Alloy VF607 - Dendritic VC, y surrounded by eutectic VC, 5 and a
Etched in 2% nital followed by 30 seconds at 1.5V in lead acetate, 400X

Figure 4.25 ~ Alloy VF609 -~ Dendritic VC, y surrounded by sutectic VC,_, and a
Fiched in 2% nital followed by 30 seconds at 1.5V in lead acetate, 400X



Flgure 4.26 ~ Alloy 631C ~ Dendritic VC,_x surrounded by eutectic YC,. x and
Etched in 2% nital followed by 3(} seconds at 1.5V in lead acetate, 400X -

Figure 4.27 - Alluy 681A ~ Dendritic VC, 5 surrounded by eutectic VC, y and o
Etched in 2% nital followed by 30 sooomii}:al 1.5V in lead acetate, 400X



J

Figure 428. - Alloy VF577 which prohably contains ¢, ) and V,;C, These phases are
predicted on the 500°C isotherm of Fe-V-C equilibrium phase dhgt‘lm.
Etched in 2% nital; 500X.

@

Figure 4.29. - Alloy VF578 whick probably contains o and V,C. These phases xre
predicted on the 500°C isotherm of Fe-V-C equilibriura plmse diagram.
Etched in 2% nital, 100X,



Figure 4.30. ~ Alioy VF579 which probably containg a and 15, These phases are
predicted on the 500°¢7 fsotherm of Fe-V-C equilibrinm phase dugram.
Btched in 2% nital, 100X.

e

Figure 4.31. ~ Alloy AF588A which Is predicted to contaln ¢, 1) and V,C.
Etched in 2% nital followed by 10e at 1.5V in lead acetate, 400X.



4.6. [mage analysis results |

A significant scatter in resuits was noted between different fields of view. A measure of this
scatter is given by the standard devistion. The results were obtained using two different
techniques. Those obtained from the Ibas I and II machine are given in Table 4.10. The

results obtained by manual counting on the microscope are given in Table 4.11.

It was noted that in general the VC particle size increased with C content. This is shown in
Figure 4.32.

Carbon content (wi%) |
10 S
- By - = e ok e o . .
6 . ———— .t L3
4 | . e e . JR— — -
2 RN [P -
0 i -' i - . ’_‘1 i
4] 2 4 6 8 10 12 14
VC size {micron) '

Figure 4.32. ~ YC partizle siz¢ increas~ with increasing carbon content.

4.7. SEM resulis from metatiography and worn surfaces

Polished and wom samples were examined using a SEM. Dot mapping was used to identify
areas comaining V- and those confaining Fe. The analyses revealed the low Fe content of the
VC pariicles. A split, backscattered image and Fe window dot map are shown in
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Table 4.10. - Image analysis rest’'c o/ /lng the VC volume %, size and average distance .
(ntean free path) between VC particies '

Aloy |ve |lsd [Mean s | mre® sid | Max VC
Vol% | dev. vC dev. {um) dev. | size (um)

S:iac(ﬁ .

Q)
VES76 {360 |24 6.2 {44 10.7 111 | 42759
VEe7 492 |22 |47 47 | A2 [ 4875
vEs9 (719 [125 f129 145 |50 50 11455 :
681C |09 156 |74 74 |49 |46 |[7050 r
AFS83C 172 |13 |33 22 |371 428 |1728 |
AFsgc 302 124 62 52 |1e {173 lssso |
AFsssC | 356 |53 |ss 93 [1s4 {191 [7505 |
AFSB8C {377 (45 |71 68 [115 14.0 | 7275 I
arsssc | 325 128 |90 71 {182 {220 |s87.00 |
AFsssA |74 l11 }26 ¢ J16 {288 {313 | 1200
AFss4a 1293 |16 |60 46 |138 [138 |412s
Arsgsh 403 |42 |97 58 |143 0 | 149 |so2s
AFsS8A 1309 |27 |64 s1 |38 [163 {515 |
APSBoA [295 |34 |81 |75 j185 208 |10200

_—__ﬁ.
(i) VC size determined by a scries of straight lines which intercept VC particles only in
one direction. This corresponds to the apparent VC particle size as ssen by the
abrasive particle when moving across the ailoys.
(‘1{) The mean free path was measured as the distance between carbide particles of the
S primary and eutectic form and not only between pm vy carbides particles. -
i) “This value was lower than expocted (sce Section 5.7).
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Table 4.11. - Inr_" | "pnlysis results showing the volume % of pearlite, cementite and
ferrit. ~ ~ "

E—— ssreminasiarms

Alloy Pearlite Std dev | Cementite

Vol% Vol%

VF576 25 12.1 215 |
§ vF607 0.0 0.0 0.0 50.8 I
| vreoo 0.0 00 loo 28.1

621C 80 0.0 0.0 39.1

AF583C 92.8 0.0 0.0

AF584C 56,1 3.4 13.7 0.9
AF585C 51.3 139 13.5 0.0
AF583C 339 13.4 28.4 0.0

AFS89C% 23 8.5 40.7 0.0

AF583A - 1896 7.2 3.0 0.0
| Apssaa 621 117 |86 0.0
| AFsgsa [ 540 136 |57 0.0

AF588A 316 |14 |[375 0.0

AF585A® | 124 8.7 52.2 0.0

() 4.5 voi% graphife
(iiy 5.9 vol% graphite

Figure 4.33. Figuve 4.34 shows the same image using a V window dot map. This technique
identified the dendritic phase in Phase 2 and 3 alloys as being VC. Semi-quantitative spot
EDS analyses showed VC particles to contain less than 1.9wi% Fe® ébs analyses in
Figures 4.35 to 4.37 show typical spectra of the VC, o and Fe;C phases respectively. Figure
4.38 shows how backscattered imaging highlighted the different phases on the worn surfaces.

The globules lying within the Fe,C phase in Alloy VF576 were identified as peatlite in
Figure 4.39. The hardness tests done on Alloy VF576 (Figure 4.40) revealed cracking in the



Figure 4.33. ~ Backscattered imsge and Fe discribution map for Alloy VF576 at
800X.

Figure 4.34. Backscattez;%d image and V dot distribution map for Alloy VF576 at
mx- . R

long dendritic VC particles in the plastically deformed region surrounding the hardness
indentations. These cracks arc thought to resuli in accelerated wear’ occurring in alloys
containing long dendrites during 3-body abrasion testing(Figure 4.4.1). In this figure the
dendritic VC particle can be seen 10 have been removed preferentially, Examination of a!l:- 4
tested under 3~bedy abrasion conditions, showed multi-directional wear grooves (Figure
4.42), These were not found using the 2-body and modified 3-body abrasive wear apparatus.
Cracks in Alloy VF609 proved to be a arcas of accelerated wear as seen in Figure 4.43.
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Fo= _1&k el 21g2= 241 oty
Figure 435, - EDS spectrum of VC particle in Alloy VFS76. -

fuld

£ 2.9 CE.ME kel I
m= 18K ch  ERis= il LT
Figure 4.36. —~ EDS spectrum of the o phase in Alloy VEG07.

These cracks caused decp grooves to form on the surfacs of the alloys by acting as weak

points for preferential attack of the alloys. The cracks were ., Jst probably caused by thermal

residual stresses in the material resulting from the differences in coefficient of expansion of

the phases™. Figure 4.44 shows a crack propagating from the matrix into a VC particle.

The effect on VC particles . abrasive wear was found to be a function of the carbide particie
size. The wear grooves on mild steel are straight with little interruption along the length of
the groove (Figure 4.45). Small VC particles affect the passage of abrasive particles only
stightly (Figuwe 4.46). The intermediate sized VC particles are seen to break up by a brittle
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Y 4
3.2 S.7E0 Kel 8.3 ¢
Fo= (gl infy See 1S3 -t

Figure 4.37, ~ EDS spectrum of Fe,C in Alloy VF576.

Figure 4.38. - Backscattered clectron image showing the pearlite, Fe;C and VC in Alloy
VF576.

fracture mechanism and are not very effective in preventing the passage of abrasive particles

(Figure 4.47). The large VC particles prevented the passage of abrasive particles through the il

atloy surface and tended o break up to a lesser degree (see Figure 4.48). A comparison of
the size effect is scen in a heterogencous region of Alloy VF6(9 in Figure 4.49. Large VC
particles which are not fully spheroidal showed a greater tendency to break up by brittle
fracture (Figure 4.50). Figure 4.51 indicates onc way in which deterioration of the larpe
spheroidal VC particles occurred. The outside edges of these VC particles showed micto
indentations and/or spalling, The matrix was removed preferentially, leaving the VC particles
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Frgurv- 4.39 Ledebtﬁmﬁ in a matrix of pearlite and massive caibides in Alloy VF576.

N
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Figure 4,40. ~ Cracking of VG, dendrites surrounding the bardrniess indentation in Alloy
VF576. :

standing psoud of the wom surface (Figute 4.52).

4.8, TEM xesults

TEM work was performed to identify the microstructure of thie alloys at high magnification
(up to 160000x;. The microstructures showed areas containing pearhte (Figure 4.53). Smali
precipitates were also seen in the matrix, These had not been seen when using either optlca!
or SEM lmagmg {sec Figure 4.54).

L
]
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Figure 441, — Acceicrated 3-bady sbrasion occuring i fhe region of dendrific VC
particles.

- i .. \ . ~.F .... I.' .
. 1evm KDIT

Figure 4.42, - Gmovcsmnmnginz-d‘ectmnsaﬁuwwmcanwdmuonthes-
body abrasion test machire prior (0 using the modified holder system.
Using SAD, the VC, x and o phases were analysed. The precipitates were too small to
analyse. The diffraction patterns obtained are shown in Figures 4.55 and 4.56 respectively.

The VC,_x phass had a laitice paramcten%if; 4.16A which corresponded.to VCyay
i '
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SO w02

Figure 4.44. - Crack in a VC paticle probably caused by release of residual stress
during alloy preparation in Alloy VFu.J9.

4.9. Joininy hardness fraverses

The three ound bar specimens of Alloy AFS87C were tested under nominally the same
quenching conditions. Figure 4.57 shows the variation found in the hardénability. The
thickness of materiai hardened is small. The variation in hardness indicaies the low
hardenability of the alloy matrix, |
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Figure 4.45. - Wom surface of mild steel showing uninterrupted passage of abrasive
particies.

Figare 4.46. - Worn surface of Alloy VC 5, The passage of the abrasive particies i is almost
unhindered by the small VC particles.

4.10. Hardness results

Several of the alloys showed a high degree of scatter in hardness measurements. This scatter
was highest in Phase 2 alloys due to the heterogencous microstructures. The hardness
measurements and standard deviations are reported, later in Table 4.17.
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Figure 4.47. - Worn surface of alloy with intermediate sized VC particies in Alloy 681C.
The abresive particles are only partially hindered in their passage across the alloy

Figure 4.48 — Worn surface of Alloy VF609 with large VC particies. Passage of the
abrasive particles through the alloy surfice prevented by the large VI particles.

The hardnoss of the arc melted alloys was higher than the corresponding as cast alloys. No
correlation between the hardness and abrasive wear resistance could be found. No correlation
between the increase in hardness and the raicrostructure could be found.



1 .
Figure 4.49. —-Worn surface of Alloy VF609 in heterogeneous region witn the region
containing small V particies showing faster wear.

7285 28KV .77 - /1abm WD47©

Figure 4,50, ~ VC particles which :re not compietely spheroidal show a greater tendency
to spall.

/i

4..11. 3-body gbrasion_test results

The 3-body abrasion test sesults showed a high degree of sca‘ter (Table 4.12). VF608 had
finctnztions in the mass loss per period of 2 orders of magnitude. Generally the wear rate
dropped during a test run. The results are given graphically in ¥Figures 4.58 to 5.65, and show
the mass loss per period followed by the cumulative mass loss for each batch of alloys tested.
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Figure 4.51. ~ The large VC particles break-up slowly by micro-fracture around the
_edges as seen in Alloy VF609.
! \,_

\.

—

6984. 20KU. . X534 {obw WD37

Figurc 4.52. — For jarge VC particles the matrix of the alloys is removed prefercatiaily
under 3 -body abrasive conditions as seen in Alloy VF609.

The four test runs performed are shown in sequence.,

The results of the mild stecl samples were extracted and are given in Table 4.13. From these
the average and standard deviations measured during testing were calenlated. The
experiinecntal error and accuracy of measurement were also calculated based on the formulae
given in ASTM G65 ~ 84. The calculated errors are reported at the end of Table 4.13.



Figure 4.54. ~ Small precipitates detected by TEM in the o region.




Figure 4.56. - The diffraction pattern of o obtained with the SAD technique.
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Hardness (Hv30kg)
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Di-tancﬁi from Guenched End (mm)

Figure 4.57. - Jominy tests results obtained from three samplés tested under the same

conditions. Thyy low hardenability of these alloys is demonstrated by these experimental

~ results. :
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Table 4.12. ~ 3 body abrasion test results

Batch | Alloy Mass: | Mass § Mass | Mass Mass Cumulative |
loss ioss | loss foss loss mass loss _
after after | after after after (mg) o
first 15 | sccond | third | fourth | fifth 15 _
mia 1Smin ] 1I5min{ 15 min { min
period } period | period | period | period
(mg) :-{(mg) |{mg) |(mg) | (mg)
1 MS 1 S64. 3431 394 4.5 362 1948
l 1 VEST9 8251 41 432 590.8 28.6 246.5
1 MS 2 4871 360 214 409 33.9 180.9
i vC7 1921 1471 193 169 11.0 81.1
2 MS 1 s0.1| 398! 504 A48 22 187.3
2 VF607 50.1 372] 365 19.5 414 184.7
2 MS 2 2311 4871 403 16.4 36.1 782
2 VF576 114 208f 270 7.7 11.3 782
3 MS 1 532 479} 408 393 215 202.5
3 Jvees | 127] 1e2] 10| 87| o1 327§
3 MS 2 3951 338| 391 320 34.0 1784
3 vpmg{ 4.7 35 2.1 44 0.7 154
4 MS1 5131 295) 4820 361 364 201.5
4 Vst 359 202| 101 23.0 17.0 1152
4 MS 2 4091 470] 391 19.7 30.6 1773
e i N C YRR
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Table 4.13. -~ Wear results from the calibratiou steel saoples used in 3-body abrazion

tests. o
A .
S;i2zimen Mass Mass Mass loss | Mass loss | Mass loss
loss after | loss after third | aiter after fifth
first 15 | after 15 min fourth 15 | 15 min
min second | period min period
period i5min | (mg) period {mg)
(wg) | period (mg)
(mg)
MS1 78.6 78.7 454 41.6 314
MS 2 70.4 69.2 564 35.6 375 269.1
MS 1 -50.4 343 394 345 362 194.8
MS 2 ( 48.7 36.0 214 409 - 339 180.9
MS i 50.1 39.8 50.4 248 | 222 187.3
l MS 2 23.1 48.7 40.3 164 3461 164.6
fMs1

Max

78.6

78.7

364

41.6

37.5

278.7

Min 231 29.5 214 164 218 164.6

Avg 506 46.5 42.3 321 20 203.5 §

Std. dev. 14,7 15.2 9.0 84 3.5 369
a mcasure Of e CXperimental oIor can De ODIamed By COmMparnng the fange o

cumulative mass loss (CML) values to the average cumulative mass loss value

ie (Max CMI, ~ Min CML) x 100 = 56.1%

- Avg CML

1

b} kMethod used to determine the error in measurement in a system in ASTM G65-84,

compares the standard deviation with the cumulative mass loss

ie (std. dev) x 100 = 25.6%

Avg CML

Y
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Mass i0ss per perlod {mg)

Test Pertod (minutes)

MBS 1 -VFEYS X MSZ VYC?

L
P,

= Figure 4.58. ~ 3-body abrasion results obtained for Al!oys VES?9 and VC7 showing the

Ty

..., mass loss per period.

i

Tost F briod (minutes)

= MS 1 TYFSTY ¥ ME 2 “VCTJ

}x
Accumulated mass loss (mg) -
300
2801
200i- - 1
-,-f,f*
1“.,. ..... / ¥ f%/’ -
st e
6 15 30 45 80 75

accumulated mass loss.

Figure 4.59, — 3-body abrasion test results from Alloys VF572 and VC? showmg the
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Mass loss per period (mg)

Test Parlod (m!nq{n}

“-M5 1 - VFB0F * M3 2 - VYFS78

Figurc 4.60. — 3-body abrasion results obtained for Alloys VF607 and VFS?(S showing
- the mass loss per period.

b

Accumiiated mass loss {mg)
200 =T

[N 18 30 45 L ’ Fi 3
© Test Period (minutes) .

~ M3 1 HVFE0T % M8 2 *VYFSYE

N : o]
Figure 4.61. — 3~body abrasion fest results from Alloys VF607 and VF376 showing the
accumulated mass loss.

Cy
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Mass Loas per Pe.lod (mg)
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401 -
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Teat Perlod (minutes)

<~ MS1 HVF608 *MS 2 * VFuN9

Figure 4.6Z. ~ 3-body abyasion results obtained for Alloys VF608 and VF609 showing
the mass loss per period.
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250
1“_ PR . o . . - . .
e ———
4] 15 a0 45 80 75

Taat Parlod {(minutes)

=

~MS 1 - YFBOB % MS 2 * VFE09 |

Figure 4.63. ~ > ~body abrasion test results from Ailoys VF608 and VF609 showing the
accumulated mass loss.
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Fig 2 4,64, - 3-body abrasion results obtained for Alloy VCS showing the mass loss

Accumulated Mase Logs (mg)
250 _
200 . S -
e
s00L o /
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Figure 4.65. -~ 3-body abrasion test results from Alloy VC5 showing the accumulated
mass loss,
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4.12. Modified 3-body abrasion test resulis

Thie abrasion results obtamed with the modificd holder systemt are shown in Table 4.14. The
wear rate dropped durmg the course of a test . The same fluctuation in mass loss did rot;
occur. The comparative mass loss of the steel calibration samples is shown in Table 4.15. No
increase in measured weight loss occurred during a t~<t run on any of the steel calibration
samples. The experimental exvor and measuring accuracy was again determined according to
ASTM G65-84 and are shown in Table 4.15. Graphs showing the mass loss per period and
cumulative mess loss per period are shown for cach run in Figures 4.66 to 4.87.
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Table 4.14, -~ Modified 3~body sbrasion test results. Note that the test period is double that in Table 412,

Miaveiliien
Mass Mass Mass Mass Cunulative
ioss loss loes loss raass foss (mg)
after after alter after
sccond | third 30 | fourth | fifih 30
30 min min 30 min min
period neriod period period
{mg) {mg) (mg) {g)
69.29 49.50 3178 33.84 24881 I
29.99 2061 16.2¢ 1346 136.54
36.00 25.10 19.79 1643 157.09
7821 63.55 49.68 41.87 330.99 I
1735 | 1.5 1181 9,85 AL v
29.22 2297 18.25 15.82 128,19
142 Lil 0.43 R 8.25
57.35 4318 | 5651 34.19 26380 §
810 582 4.42 424 43.18
A0.79 16.14 13.49 12.52 89.22
AF584C 35.18 23.89 20.17 17.12 16.29 112.65
AF585C 19.38 9.37 898 7.19 596 50.88
AF586A 36.84 22.01 16.01 1146 10.00 9632
I AF587C 3532 26.07 22.61 1828 17.04 11832
IAFSSSC 2120 1138 - 896 10 732 56.56
AFS89C 26.19 15.83 13.24 11.39 10.20 76.85
AFS583A 3164 2416 1562 9.58 11.89 94.19
I AF584A 28.88 19.63 2933 15.53 14.14 C 10751
[ Arsesa 30| 24| wer| e8| ns| 0 s
l AFS588A 21.28 14.38 11.54 799 853 63.70
I AF3894 2826 1835 1£.03 12.81 11.29 85.74
I weP 6.67 5.17 361 4T 235 22.51
I MCS .75 2.05 1.92 219 202 11.93 I
! CeCW 5.02 2.38 208 3.10 242 15.00 l
sl see—— i tormstt v v———k e

() - Commercial Tungsten Carbide Hardfacing alloy®™
(if) - Commercial Mized Catbide Hardfacing ailoy®,
(iii} ~ Commercial Chromium Carbide Hardfacing alloy™".



= -%‘.
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Note that the period of each fest is dovble that ie Tabie 4.13,

150.3

838

1160 85.7 62.8 469 w2] 382}
Su4 107.6 8%} 57.7 58.5 443840 I
IL8 82 9.1 16.3 114 248 I

Notes : ) The expmmcntal error is less than seen in Table 4.13.
ie (Max AMIL - Min AML) x lﬂﬂ = 27.8%
Avr AML
2y The errer in measurement is aiso less than in Table 4.13,
ic (std._dev) x I = 7.8%

Avg AML 1 :'i"-
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 Figure 4.67. ~ Modificd 3-body abrasion test results for alloys VC7 and VCB showing
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"~ Modificd 3-body abrasion test results for alloys VC7 and VOB showing

. gu per period.
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Figurc 4.68. ~ Modified 3-body abrasion test resuits for alloys VF576, VF609, VC5 and
the mixed carbide®” hardfacing sampic showing the mass loss per period.
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Figure 4.69. ~ Modified 3-body abrasion test results for alloys VF576, VF609, VCS and
the mixed carbide®™” hardfacing sample showing the accumulated mass loss.
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Figure 3.70. ~ Modified 3~body abrasion test results for the chromium carbide®” and
tungsten carbide®” hardfacing alloys showing the mass loss per period.
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Figure 4.71. - Modified 3-body abrasion test resulis for the chromium carbide® and
tungsten carbide® hardfacing alloys showing the accumulated mass losa.
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Figure 4.72. -~ Modified 3-body abrasion test results fm‘ alloys VF607, VFGOB and 681A

showing the

mass loss per period.

REE

Weigh! Losa {mg)

.8
Tirw interval (Hours}

""""WGO? == BR1A *""'VFGD!

Figure 4.73. - Modified 3--body abrasion test results for ailoys VF607 VF608 and 681A
showing the accumulated mass loss.
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Figure 4.76. — Modified 3-body abrasion test results for alloys AFS86A and AFSSTC
showing the muss logs per period.
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Figure 4.78. - Modified 3-body abrasion test results for alloys AFSB3C and AFS83A

showing the mass loss per period.
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Figure 4.79. —~ Modified 3-body abrasion test results for alloys AFS83C and AFS83A



-~ 98 -

00 Waight Loss {mg)
140
180> S ]
100:‘ \ \“\"‘“ ;
ﬁﬂé L \______ . .
o} T e Nn
‘_\‘_\_ , o ;
40 ' * '
10’&;:&#’&'% F .. :
o X . : ' . (9
0.0 1 18 2 28 .
Time interval (Hours) : /
( i &
_i ——MET - AFBEAC -~ ME2 O AR S84A

Figure 4.80. - Modified 3n-bady abrasion test results for alloys AF584C andL AF5§4A
showing the mass loss per period.
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Figure 4.82. ~ Modifi~d 3-body abrasiun test resulis for a!:oys AF585C and AF385A
showing the mass loss per pcnod
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Figure 4.83. - Modifies 3--body abrasion test resulls for alloys AF.SS:C and AFS85A
showing the accumulated mass loss. _ /
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Figure 4.84. — Modified 3~body abrasicn test results for alloys AFS88C and AFS88A

showing the mass loss per period.

500 Waight Loss (ma_)
: g
400 lemnd
‘ /‘A—"’_ //—J
00} //
e
200
100
; _ = e po— D
% o8 ) W 2 23
Time Interval {Houre)
e MB T - AR SB8C - MR — - AN JESA

Y
T

Figuic 4.85. - Madified 3-body abrasion test results for allovs AFS88C and AFS88A

showing the accumulated mass loss.
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Figure 4.85. ~ Modified 3-body abrasion test rcsult': for alloys AFS89C and AFSSQA
showing the mass loss per period.
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Figure 4.87. ~ Modified 3--body abrasion test results for alloys AFS89C and AFS89A
showing the accumulated mass loss.
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4.13. 2-Body sbrasion results

The results of 2-body abrasion teats ase given in Table 4.16. The wear rates from steel
s&znplgs indicated a refatively stable weight loss. Alloys VCS, VC7 and VC8 showed similar
trends. All the remaining alloys showed a marked drop in wear rate after the first period. The
remaining four periods then showed similar wear rates.

The mass loss per period and the cumulative mass loss for five groups of materials are shown
in Figures 4.88 to 4.99.

b
@ AN

------
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Table 4.16. - 2-body abrasion test results

PRI,

Masx Tose aliet

trind 7.5 aaim

period ()
Ms1 1572 1546 s
Mi2 [ 1439 103 1731
[ e 1733 1757
el 1811 3 Ll I
VoS n3 LT 282 '
w7 1566 159.3 185 62k 578 k) I
w3 1787 1734 1754 1745 19 !9
s 103 62 95 43 48 353
W o3 183 169 157 167 %
viMoS 57 29 25 34 27 169
vres 28 Lz 10 o 13 (2]
WA 187 80 41 52 az 03
ne 55 2.2 19 15 L3 124
Arsaic 160 115 107 123 M1 A7
APINC ) 63 54 5 50 22
APSESC . a4 23 * 1g 2t 167 |
AFSOSA 23 T 305 9.2 69 67 I
APSEIC 187 [ 101 114 104 B4 I
AFSISC 62 34 46 24 24 174 l
APSgoc 50 38 34 30 18 174 I
APSSIA s 446 149 6 160 ny
APSBIA 104 55 58 53 54 no
ARSESA 87 27 23 21 14 .42
APSESA &1 25 20 17 15 115
AFSE9A 12 51 b &1 3.7 27
wee A3 19 23 14 L4 03
mMc® 221 45 45 4,7 43 ';'.’s.s
o ta 186 164 i85 82

o

- Commercial Tungsten Carbide Hardfacing alloy®. .

 (if) - Commercial Mixed Carbide Hardfacing alloy®™.
{iif) - Commercial Chromium Carbide Hardfacing alloy™.
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ﬁ-lndy Abrasion Test Results
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- Figun 4.88. - 2-body abrasion test results for Alioys VCS5, VC? and VC8 showing the
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Figure 4.89. ~ 2-body abrasion test results for Alloy VCS, VC7 and VC8 showing thc

accumulated mass loss.
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Figure 4.90. ~ 2-body abrasion test results for Alloys VF576, VE607, VE609, 681A and
681C showing the mass loss per period.
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Figure 4.91. - 2-body abrasion test results for Alloys VF576, VFﬁC 7, VF609, GSIA and‘
681C showing the accumulated mass loss.

4.14. Comparative mass losses between 2 and 3-body tests

Table 4.17 shows the calculated volume and lcﬁgth losses from the modified 3~body and 2~
body tests described in the previous sections. The measured hardness values with the standard
deviations from 10 readings are also shown.
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Figure 4.92. ~ 2-body abrasion test results for the chromium, tungsten and mixed

carbide®™ hardfacing alloys showing the mass loss per period.
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ﬁéurc 493, ~ 2~body abrasion test results for the chromium, tungsten and mixed

carbide™ hardfacing alloys showing the accumulated mass foss.

4.15. Mwaoharduess resulis

-y
5,

101 and 81 indentations were made on Alloys VEGU9 and 681C respectivety. The VC partich;f |
size (average of maximum and minimum dimension) was then plotied against the mcasurq';l
hardness. These results are shown in Figures 4.100 and 4.181. The results indicated thai\
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2~Body Abrasion Test Resuits
28 Mass Loes Par Period (mg)
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Figure 4.94. - 2-body abrasion test results for Alloys AF586A and AFS87C showing
the mass loss per period.
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Figure 4.95. ~ 2~bady abrasion test results for Alloys AF586A and AF587C showing
the accumulated mase loss.

below about 12um and Z4jum respectively the apparent hardness of the VC particles drops in
Alloys VF609 and 681C. The microhasdness values measured on the matrices of these alloys
are 515Hv (standard deviation 65.4Hv) and 316 Hv (standard deviation 18.9Hv) respectively.
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Z-Body Abresion Test Resuits
mm Loss Per Period (mg)
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Figure 4.96. - Zwbody abrasion test results for Alloys AFS83C, AFS84C, AFSBSC
AFSB8C and AFS89C showing the mass loss per period.
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AF58BC and AF589C showing the accumulated mass loss.

L
Figure 4.97. - 2-body abrasion test results for Alloys AFSB3C, AFSBAC, AFS8C, S
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0 40

6. ~ 2-Dody abrasion \est resuits for Alioys AFSSIA, AFS8AA, AFSE3A,
i AFSSSA showing the mass loss per period.
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Figure 4.99. - 2-body abrasion test resuits for Alloys AFS83A, AFS84A, AFSB5A,
AFS88A and AF589A showing the accumulated mass loss.
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Table 4.17 Wom materials volume and length Josses with the hardnm measumuents
and the staydard devlaﬁons of 10 repdings.

@

i
The average wear rate for mild steel.

Sample 2 Bﬁdy 2 Body 3 Body .35 Body | Hardness Standard
Voljloss | Length | Vol i Length HV,, deviation
{mm?®) loss - | Joss loss
om) | mm) | gom)
iMsavg® | 247 1amf sra9l o7 _
{ves 14504 18] 72| o480 400 129
Ivcr 10397 1324 1787] 0228 164 42|
VCs 1635] 148r1 2072] 0264 261 198
I VF576 502 D064} 47.08 0.599.] 726 | 8.7
VF607 1392 o0177| 10500 0134 280 : 19
FF&O& 242 o031 1839 0234 si6l, 1 1136
VE609 116! oos|  137] o017 830 | 1258
asia 628| o0s0| 4058 o0s17 332 298
681C 1.90 0.024 6.61 0.034 k%.7) . 293
AF583C 88| o111| 1198{ 0152 416 &
AFS84C s52] ooss| 1s:] o020 514 AN
AF585C 2461 0031  748| 0085 592 480
AF586A 956] 01229 1468] 0.187 893 339
AF587C 824 0105] 1683] 0214 578 57
AFS88C 246| 0031] 801{ 0102 696 | 19.4
AF589C 2591 0033] '1117] 0142 583 298
| AFss3a 1059] 0.135] 1264 0161 531 19.1 |
AF584A 451] oeo0s7) 1516 0193 606 2381
| AFssa 201] o026 | 1630] G208 714 214§
| AF588A 172 o02| 942 o120 769
AF589A 367] 0047| 1225|- oas6| ﬁsé_

219F
w1}
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Figure 4.100. ~ Microhardness of VC particles versus carbide part:clc size' as méasumd "
on Alloy VF609.
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Figure 4.101. -
on Alloy 681C
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- Microdhardness of VC partic'ss versus carbide pa.mclc sizc as measured
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5. DISCUSSION

The experimenis described in Chapter 3 had two broad aims: to assess the propertics of the

materials produced (hardness, microhardness, wea and Jominy tests) and to determine the
phases present in the materials by different techniques (XRD, metallography, Mdssbauer
spectroscopy, image analysis), to correlate properties and microstructure. In this chapier the
results will be discussed and compared to decide which is the optimum group of atloys in the
Fe-V-C alloy system for abrasion resistance.

5.1. Alloy magufacture

The melting difficu'ties experienced in the preparation of Phase 1 and 2 alloys, (see Section
3.2 and 4.1) resulted in heterogencous alloys. Results obtaived from these partially
heterogeneous alloys were difficult to interpret. The small charges used to make these alloys
resulted in fluctuations from the nominal charge (sce Table 4.1). These fluctuations in
chemistry were reduced by using larger charge masses to produce Phase 3 alloys.

Fluctuation in the chemical compositioi can be ascribed to several factors. in Phase 1 alloys
the fine VC powder was cas:lylost during induction melting due to its being blown out of
the erucible by expandirg gases. The crucible linings were partialiy impregnated by the
molien materials. This and the small scuil remaining in the crucible from the previous meits
contributed to H.- chemical fluctuations especially of the smaller charges used in Phase 1 and
2 alloys. This carty aver from the previcus melts was experienced despite careful clezﬁing
of tie crucibles befors the melting{,ﬁf the next allay. The largest incréass in V content resulted
from the incorrect supply of FeV material for Phase 2 alloys. Smﬂ!\ losses cecy “ed in all
alloys due to the volatilisation of the charge material during mcltin‘g\i___\__"mc cantribution of
volatilisation is however thought to be extremely small. s )

Two scparate apparatus were us. . to obtain the. chemical analyses. The (7 content was
determined using a Leco machine ‘while the remainder of ihe clemeats were measured using
a spark disciisge technique, Known calibration reference samples were impassible to ebuain
duc to the extremely high € and V contents (ref Alloy VFa09, Table 4.1). Thc total measured
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chemistry of the alloys did not add up to 100% due tc small measurement errors in these two
techniques.
5.2. X-1ay diffraction

X~ray diffraction confirmed the presence of all or some phases predicted by the Fe~V-C
equilibrium phase diagram. The stoichiometry of the VC,, phase could not be found
unambiguously. The measured lattice spacings matched neither VG nor Voo exactly. The
VC,_x cubic structure can accommodate various amounts of C. A range of stoichiometries will
change the lattice spacings only slighily.

The small changes in lattice spacing due to changes in stmchnomet;:y are maskcd by other
factors. One such factor is the therma! residual stress in the bulk Jt'nate:nal cdused by the
difference in coefficients of expansion. of th1p different phases™. ‘I‘hL stress mhy be almost
)hs high as the yicld point of the individual phases and therefore mﬂucﬂpe the lattice

spacings greatly. This stress is depondent on soveral (actors mciudlm the mrphology and
volume percentage of the phases present. These factors are dealt with /;f detail in the
Bicraturc®'. The substitution of Fe by V in & also influences the lattlx spat:mgs V atoms
ate +6% larger than the Fe aioms and thercfore result in a bigger Iattiod) parameter®.
Auhouggv ‘he X~ray work was inconclusive in deciding the stoichiomtetry \\f the VC, 5 phase
present, ‘w did confirm the crystal structure of the phasc pesent in the abloys. It also
confirmed the presence of a atid Fe,C (cementite, orthorhcmbic crystal) phases. The presence
of small quantitics of otizer Fe,C, carbides could not be excluded. These may be present in
amounts below the detection limits of the present X-ray diffractiop set up. Combining this
information with the ~ 18ssbauer Spectroscopy and stoichioraetric calculations made it'.possiblc
to establish the phase compositions of the alloys.
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5.3. Missbausr Spectroscopy

The Fe~V-C alloy system pushed the patential of Mtssbauer spectroscopy to its limits. The

_technique was used as a tool 10 examine the Fe containing phases in the alloy matrix and their
composition. The technique gave results that are in gnod agreement with the stoichiometric
calculations used to find the Fe,C to a-FeV ratio and the Fe to V ratio in the o~FeV salid
solution. These calculations showed that a carbide with a stoichiometry close to VG,
formed. The technique was not successful in deciding the Fe, 10 C ratio in the Fe,C, phase,
possibly because of incomplete Mssbausr spectroscopy data xvailable in the literature, on
the large variety of Fe,C, that can form.

X-ray diffraction, Msshauer spectroscopy and stoichiometric calculation:s individually were
unable. to fully describe all the phases in the alloys, but when combined they allowed the
charactcrisation of the phases. By X-ray diffraction (see Section 44) it wis not possible to
decide unambiguously if VC,y comresponded to V, OF VCyy With stoichiometric
calculations (see Section 4.7) and Mdsshauer spectroscopy (see Section 4.5) it wus found that
the carbide moichiometry, VCyp gave the best agreement between calculated and
experimental results, The measured densities alse agree more closely with the heoretical
determinations based on VG, than VG, This further confitms that VG, is precent.

The amount of V in the n phase determined by Mtissbaucr spoctrascopy was in good
agreement with the calculated values, The composition of the Fexls, phase could nou be
unambiguously cxtracted from the Moesbauer spectra but X-ray diffraction showed that tae _
only Fe,Cy present in significant amounts was Fe,C. Relative amounts of a and Fe,C in the
matrices of the alloys determined from the Mﬁssbaq?r spectia agreed with the calculated

values for most of the allovs.
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5.5. Mctallography

The precipitation of primary o in Phase 1 alloys resulted i only small eutectic and eutectoid
VC,_x particles forming. It was predicted that the small particles would contribute very little
{¢ abrasive wear resistance, The smali particles are unabile 10 prevent the penetration and
movement of abrasive particles through the alloy surface. All Phase 2 and 3 alloys containing
o, Fe,C and VC,_ precipitated primary VC particles.

Within Phase 1 alloys, Alloys VC2, VCS and VS showed the difference in carbide size due
to eutectic and eutectoid reactions (see Figures 4.5 to 4.7), The small carbides would only
strengthen the matrix marginally. The eutectic VC was larger than the eutectoid VC but stili
far smaller than any primary VC particles. It was not effective in preventing the penetration
and movement of abrasives through the suiface of the alloy matrix. -'

X-~ray diffraction revealed the presence of VG, but not V,U in Alloys VC3, VC6 and VC7
(sec Figure 4.8 to 4.10). V,C may have formed in c}uantities below the detection limﬁts of the
X~ray diffraction systemn employed duc probably to a peritectoid zeaction. It is conclﬁiicd that
the kinetics of the peritectoid reaction are slow duc to the stable VC,. phase, Amicrated
m)ohng prevented the reaction from proceeding significaat h*’*lleavmg VC.x ot ,room
temperature as a metastable phase. ‘

In Alloy VC4 (see Figure 4.11), VC, , was found in contrast with the predicted phases on
the equilibrium phase dlagram, by X-ray diffraction. This is again thnﬂﬂhl to be the unreacted
VC, x leit due to the slow Kinetics of the peritcctoid reaction whq)l forming 1. The
morphology of the carbide particles was significantly different from i,_tht‘- previous alloys
suggesting the likely presence of the n phase, The amount of n fo A\:d was below the
deteciion limits of the X-ray diffraction. ' \

Alloys VF576 and AFSR4C (see Figures 4.12 and 4.16) lay close to the bo%mdary of Fe,C
phasie region on the 1100°C isotherm of the Fe~V-C equilibrium phaszl diagram. Both
microstructures show Fe,C in a morphology which is not consistent with the eutectoid

reaction. Jt is therefore assumed that ihe lines of the isotherm are shifted by the higher than
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equilibrium cooling rate. This type of shift was observed in Alloys AF589A and AFS89C

described fater. The small amount of Fe,C that formed contribuvted negatively to the abrasive
wear resistance as seen fater. The brittlc nature of the Fe,C phase and the morphology in

which this phase formed was thought to be the causc of the deterioration it susion

resistance, Alloy AF584C showed grain boundary cracks in the Fe,C phase.”

Alloys AF589A and AFSB9C (see Figure 4.22 and 4.23) bebaved ag if they had greater €
contents due to the high cooling rates which shifted the phase equitibria into the graphite
region. The resultant graphite was present in large rectangular needles and sometimes rings
as scen in Alloy AFS89A. Graphite due to its low hardness contributed adversely to abrasion

wear resistance as shown later.

The primary VC, ; phase alloys which contain the eutectic VC,_ and o show the tendency
for pracipitation of the cutectic V.« on the primary phase leaving a surrounding ferrite
region free fiom small VC,_, particles. An example is shown in Alloy VF607 seen in Figure
4.24. This resulted in the primary VC particles experiencing slight growth during the eutectic

feaction,

The Alloys VFS577, VF578, VFS79 and AF586A (see Figure 4.28 to 4.31) which contained
o and 7, showed poor potential as abrasive resistant materials due to the friable nature bf
these phases. The preparation of metallography specimens was highly problematic due to
spalling of samples containing these phases during handling and polishing. The pelished
surface of the alloys revealed a network of cracks and craters where the friabie phases had
spalled. Allciys containing both 1 and o phases were therefore deemed to be bad for abrasive
application ailthough their bulk hardness vaines were high.

It is concluded from the metallogruphy that alioys in the regions containing either primary
V(, x with eutectic VC, 4 and & or primary VC, x with eutectic VC, y, Fe,C and o show the

~ greatest promise for abrasion resistant applications. The phase predictions using the 500°C ‘

and 1100°C isotherms of the Fe-V-C in this region should be interpreted carefully.
Approaching the boundary line of graphite or Fe,C while in the y region of the 1100°C
isotherm allows the formation of both these phases. Both should be avoided if possible. V(4

%,

A
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particles rcsultmg from cutectic an’ cutccto;d resction arc too small to affect abragion

resistance. Those al!oys containing v and ¢ are too brittle to be of any mgmfxunt use in N
abrasion applications as they tended to crack or spall under stress.

5.6. Image analysis

The image analysis showed variation in the microstructures from one area to another. Some
measure of this varjation is given by the standand deviations of the measured vo!nmc
percentages of VC.
: ’ r;-‘-"'

The as cast alloys (slower cooled) had larger VC particles than the arc sielted (faster cooled)
alioys of the same compositions. This agrees with other researchers®®, The one exception,
namely Alloy AF585C, wits most likely caused by the lower VC conteai (see Table 4.1). This
agrees with other rescarchers®,

A linear intercept method was used to simulate the manaer in which the abrasive particles
“see” the alloys. The purpose was o relate the abrasion resistance to the apparent VC particle
size. Abrasives would normally move scross the surface along almost straight lines. The
technique was however not successful in :ﬁeaasuring the dendritic arm length in Alloy VF576
(sce Table 4.10). This technique does not allow a true refiection of the size of the dendrite
arms. A measure of the length of dendrites is important as these may crack ugder oading and
cause accelerated abrasive mass loss (sec Section 5.8), |

5.7. TEM

The TEM results showed the presence ¢f a very fine precipitate in Mloy"‘f'FS‘?ﬁ. The effeci
of such fine precipitates would be to slightly increase the mechanical propertics of the matrix
phase. The presence of chese fi in¢ precipitates confirm the conclusions made dunng the
Méssbauer spectroscopy work discussed carlier in Seciion 4.4.

TEM results showed that the VG, particles had a lattice paramcter of 0.416nm
corresponding to VC, 4 (see Figure 4.55). It confirms the stoichiometry of the VIC, 4 phase
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found by X-ray diffraction (see Scction 4.3), Stoichiometric calculaticns (see Section 4.2)
and Mdssbauer spectroscopy (scc Section 4..4}. .

Unfortunately other alloy samples were s #7adined by TEM as the cost and preparation

time required were prohibitive.
5.8. S3EM analysis of metallograpby and wom samples

The depth of view available with this technique made examination of the worn samples much

¢ than by optical means. Back scattered imaging allowed phases to be recognisedona

worn surface. The position and effect of these could therefore be determined. Spot analyses
confirmed the identification of the phases.

]

~ The phases could be ident_iﬁedas high in Fe or V and the ratio of these could be determined.
The SEM used, did not have a windowless detector making it impossible to detect low atomic
: elements such as N, O and C. Within this limitation it was pusible to determine that

uw: uendritic particles in the Phase 2 and 3 alloys consisted of V with Zn Fe content below

11.5% (so¢ Figurc 435). This is in accordance with the findings of Dmitrieva et al™,
f.-

Combining this with the high microhardness values measured confinmed them as VC particles.

. The high resolution allowed the fine glcbular cutectic phase lying in the cementite (see Alloys ‘
VF576, AF588A and AFS8BC in Flgure: 4,12, 21 and 22) 10,be identified as a cutectoid,

pearlitc.

Additional work done on the interpretation of the abrasion test results ars described in
Sections 5.12 and £.13. | o

%
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3.9. Microhsrdness test results

Fmﬁ; Figare 4.100 and 4.101 one can conclude that the intrinsic hardness of the Vg, phase
is about 3500Hy +500Hv using a 10g load. This hardness varies from that given in Literature.
Reasons for this include carbide orientation effects™, stoichiometry changes and the low
microhardness test load used. A small crror in the measured size of the indentation resulted
from using a 10g load. The low load and high VG, hardness resulted in small indentations
that influenced the accuracy of measurement using the standard attached imicroscope.

When the VC,,; patticles are small, {below about 12um and 24um for Alloys VF609 and
631C respectively) the apparent hardness drops. The VC particles are either pushed into the
matrix or break apart under the high point loads.

The VC, x particle size at which the apparent hardness drops, appears to be dependent on the

matrix hardness. This conclusion is drawn from the microhardness measurements made on the*
matrix. These show that Alley VF609 had a higher matrix hardness (515Hvg,) and

experiences. the drop at 12um as opposed to 681C (316Hv,,,,) which expericnces the same

drop at 24um. The reason for the drop appears to be less support of the smaller carbide

particles by a softer matrix. This cffect is consistent with the wear results reported by the

Japanese™®, The abrasion resistance of the alloys which had undergone heut treatment to

increase the matrix mechanical properties showed better abrasion resistance for the same

volume % of VC.

Another possible reason for alloy VF605 being able to allow smaller size VC,_ particles than
681C without losing hardness, is contiguity. The volume percentage of VC,  phases in
VF609 is slightly higher than in 681C (71.9+12.5 vol% and 60.9+5.6 vol% respectively). This
increase in volume fraction iraplics closer contact between the VG, patticles and therefore
results in greater support of these.

Some small VC particles in Figure 4.100 and 4.10# resulted in hardness values that are of
the: same order of magniti: le as the larger VC particles. This apparent anomaly was thought
to be causcd by siziug a VC particle from the arca seen in a 2-dimensional image and not
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the actual 3~dimensienal particle. The particle seen may only be 2 smail tip of a2 much larger

VC particle lying below the surface. Thus, the hardness measureinent may erroncously be
artributed to a small VC particle.

. 3.10. Macrohardncss measucsments

The standard deviation in the macrohardness measurements made on Phase 2 alloys suggested
that these alloys were geaerally heterogenecous. The hardness values of the alloys in Phase 3
showed lower standard deviations and suggested greater homogeneity, Arc melted alioys had
higher hardaess values than the as cast alloys. This was consistent with the faster cooling mate
experienced by these alloys (see Section 3.2). The change in microstructure ‘was not
immediately apparcnt. The faster rate of cooling may have resulted in some super cooling and
therefore greater nucleation. This caused more VC particles of smaller size to form, which
was confirmed by the image analysis done (see Table 4.10).

Certain apparent correlations between the hardness and wear rates of the alloys could be
found. These were negated by exceptions such as Alloys AF384C and VF576. These
exceptions suggest that reliable ranking of multiphase atloys for abrasion wear resistance
applications based on macrohardness results is very difficult.

5.11. Jominy tests

From the microhardness woik it was secn that the matrix played an important role in the
support of the VC particles. Quenched and tempered martensite has both high strength and
toughness. 'Ihe? Jominy tests were performed to sec how hardenable these materials were and
whether martensite could be formed. Alloy AFS87C was manufactured to examine the
hardenability of an alloy that had a purely ¥ matrix at elevated temperatures.

Two factors contributed ‘o the variable results (Figure 4.57) obtained. The samples were
tested in the as cast condition. This was done as the cost of centreless grinding was
considercd prohibitive. Secondly, the samples were heated in an unprotected atmosphere
which caused sume scale to form on the outside suiface of the sample. This scale varied in
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thickness and changed the rate of heat loss. The experiments did prove that these alloys are
only partially hardenabie to a depth of +:5Smm without further alloy additions under very .

severe quenching conditions.

Often hardfacing is reapplied to on-site components. These venues may not have heat
treatment facilitics. The validity of dzveloping a heat treatable alloy for such applications was
therefore questioned. Exampies of such applications occur ia open cast and deep level mining.
Further work would most likely include alloy additions to increase the hardeﬁability of the
alloy matrices.

5.12. Abrasion test apparatus

Problems with abrasion testing were highlighted during the first series of tests conduc&éd. For
meaningful ranking of alloys to take place, two areas in the test matrix must be carét'ully
examined. The first is dependent on the cxpe_i}imental sct up to introduce as few variations and
errors as possible. The second requires alldé;s that are homogencous so that at every stage of ©
testing the same microstructure is being exposed to the abrasive conditions.

Fluctuation in abrasion resistance vesults stem in the 3-body abrasi-a tests before the
modification of the test rig (see Section 3.13.1) reveal the sensitivity of abrasive wear testing.
Small amounts of mawrial are removed during abrasive wear testing. Small problems
introduced by a poor cxperimenfal set up are therefore magnified. An example was alloy
VFA08 in which both a heterogeneous material and poor test sct up caused mass losses that
varied randomly by two orders of magnitude from 12.7 to 0.1mg per period.
£,

The SEM was used to find that onc fault of the cxisting 3-body wear rig resulted in the
random changing of the direction of wear {sce Figure 4.42). It was seen later that a specimen
undergoes an initial high wear rate while the sample "beds in" (sec Table 4.14). After that
the drop. in the wear rate fails off to a slower rate. By changing the direction of wear
randorhly, the sample is unable to reach this stable condition and fluctuations in the wear rate
result (sec Table 4.12). The drop off also occurs due to breakdown of the abrasive particles
during testing. These were cnly replaced at the beginning of every new set of samples.



B B A e - e R i

8y
i

- 122 -

A second probiem was the fluctuation in angle between the surface of the sample and the
drum. Varying this angle resulted in a mixture of wear mechanisms due to different loads
expevienced by different areas and therefore fluctuating wear rates.

The modified 3~body and 2-body abrasion test equipment was designed % reduce the
experimental variations. These modifications are described in detail in Section 3.13.1. The
3-body, dry abrasion test described in the ASTHx G65 ~ B4 standard, shows two ways of
assessing the experimental and measurement errors. These techniques gave results of 56.1%
and 25.6% respectively for the 3-body abrasion test rig. After modification of the abrasion
apparatus these errors were reduced to 27.8% and 7.8% respectively. The improvements made
ranking the alloys more dependable. After modification ihe steel calibration samples showed
ouly a downward trend and no fluctuation es previously (scc Table 4.15).

5.13. Abrasive wear properties of the alloys

The experimental emmor of 28%, although an improvement, still makes ranking the alloys,
difficult. Wear mechanisms add a further complicating factor to the problem of ranking alloys.
These factors combine to make it difficult to make deductions from the experimental results
obtained. b i

No definite deductions could be made about the relative merijt of varying amounts of VC in
Alloys AF383A, AFSB83C, AFS84A, AFS84C, AFS585A and AFS85C. The wear resuits
obtained lic within the known error band. Comparing Alloys VF607 and VF()9 which have
vastly different VC contents however shows a reduction in volume loss of over one order of
magnitude in favour of higher VC content (Alioy VFG09). The courser VC particies and the
higher VC volume percentage aliow VF&R to resist the effects of abrasive particles. These
results are cousistent with the results obtained from microhardness measurements, SEM work

and literature™,

The effcet of the VC particle size on the 3—body abrasive wear resistance is seen in the series
-af micrographs (sec Figures 445 to 4.48). Mild steel samples showed clean long wear
grooves that ran down the length of the sample. The introduction of small eutectic and
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euteetoid VC particles did not significantly affect the passage of abrasive particles. They were
too small to stop the abrasive penetration into the mairix and did not significantly affect the
wear resistance (see Table 4.14). A comparison can be drawn between the microhardness tests
in which the smafl VC particles showed an apparent low hardness by being pushed into the¢

natrix.

The smatler primary VC particles are just big enotugh not to be pushed into the matrix, but
due o the peor support given by the matrix breakup and spall. An area of 681C shows the
interrupted abr-sive wear pattern from these VC particles and the resultant damage to the
medium sized VC particles. Microhardness tests (see Section 5.9) showed that VC particles
below a certain size, breakup under a given load, and therehy loose thcig "apparent” hardness.

~ The cffectiveness of such particles on abrasive wear resistance is therefore low.

Largc VC particles show the greatest wear resistance, VC particles were secn to stand proud
from the v.zar surface asaﬁ%sunnunding matrix material was removed (see Figure 4.52). The
wffect on abrasive wear is great. Abrasive pasticles tended to move over the surface of the VC
particles. Therefore the material withstands the attacks by the ubrasive particles until the large
VC particies deteriorate or are removed due to lack of support from the surrounding matrix.
The VC detericration occurs by micro spalling around the erdges where the 2'irasive particles
first make contact (sce Figure 4.51). The micro spalling has the appearance of a series of
micro indentations not unlike those of small microhardness indentations.

VF576 showed wear raies during 3~body abrasion festing of almost three times that of other
alloys with comparavilr - 9y chemistry. The significant differences between VES76 and the
other alluys ate the extended VC dendrites present in alloy-VF576. SEM analyscs showed that
small cracky occurred in VC dendrites surrounding hardness indentations. These. cracks were
thought to be the 1eason for the poor performance of the long dendritic VC particles/ The
stress placed on the VC particies by the abrasive particle caused them to fracture along their
length (see Figure 4.40) in the same way as occurred during hardness tests. The bmken
picces of dendrite were then easily removed by other abrasive particles as they moved across
the alloy surface. This is seen in Figure 4.41 which shows preferential remnval of material
associated with the dendyitic VC paticle. Based on the high wear rate of VF576 and the

+ Sy AR i, O R o T
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evidence seen in Figure 4.41, it was concluded that extended VC dendrites should be avoicd!
in abrasive wear applications. | y
A large discrcpanc;r in the wear rate of Alloy AFS84C from the fcmaining pearlite mat; L
{Alloys AF583C and AFS585C) alloys was noted, Alloy  "84C varied from the other alle: Js
- by having acicular Fe,C on the grain boundarics. This otien had cracks mnning through ft.
It was also seen that cracks in the material, formed during thg__manufacturc of the alloys & Fd
the test specimens, acted as sites for abrasive particles to penetrate the sarface of the ailv
{scc Figure 4.43). Phase one ir the two phase model of abrasive wear®™ is the penetrat bn
of ihe abrasive pamclc into the alloy surfoce. {Pracks already present in the alloy acceler: \ed
the first phase and therefore accelerate abra:s?vc wear. J

The SEM analyses of the worn surfaces showed that e presence of cracks in an alloy be
abré&ion resulted in preferential removal of these adeas during 3-body abrasion (Figure 4.
Cracks in alloys sheuld therefore be avoided. Acicular e&mcntitc was often cracked
graphite needles seen in Alloys AF58%C and AFS89A should be avoided. it shou!-
possiblz to avoid acicular Fe;C by corirolli 3 the chemical compositiors of an alloy s
jt does not approach the Fe,C buundary linc on the 1100°C isotherm of the Fe-
equilibrium phase diagram 00 clodely. It shou'd be possible to avoid free graphit
similarly remaining away from the graphite boundary line on the 500°C isotherm of the |
V-L equilibrium phasc diagram. ’ J

The abrasive wear resistance of alloys with small eutectic and eutectoid VC particics (All yys
VCS, VC7 and VCB) was worse than alloys with similar V contents (Alloys AFS83A-
AF583C) ead larger primary VC particles, A higher C and V content shifts the alloy inte:
phase regions where primary VC forms. These larger primary VC pacticles can affect’
passage of the abrasives through the alloy. They stop the penetration of thc abrasive paﬂir ps

into the alloy The larger VC partic.cs aliow the 3brasnves to move over them without ma & _

damage (sce Eigure 4.48). \l

. 1:"!

2-boet . abrasion risulis are different. In 2-body abrasion the load is spread uvc;__ﬁl;c tot ‘
number of abrasive particles piesent. The individual abrasive particics are not indépendent. k

L

i
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loaded as in 3-body conditions 2ad therefore are not able o exert enough force to penetraie
the material. The existence of cracks, small VC particles and other factors that are critical in
3-body abrasion resistance affect the life of alloys under these test conditions, little. Under
these abrasion conuditions the total volume of hardphase in any form and size with the total
hardness are the most imporant properties.

It wiust be emphasized that the conclusions drawn in this work apply to the test conditions
which have been used. Changes in wear mechanism due to abrasive size, euvironment and
load may well require different microstructures for optimum results

5.14. Comparison with commerc.#iy available hardfacing alloys

The commercial hardfacing alloys tested are used successfully in industry and would be the F
most likely competitors for any newly developed alloy. The alloys increased in sbrasion
resistance from those based on a chromium carbide to a mixed carbide to tuagsteﬁ carbide
hardphase, under 2-body abrasion conditions, This was expected as literature quotes tungsten
carbide as one of the best materials for applications invelving abrasion. An anomaly was
discovered when the WC jhaxdfacing showed greater mass loss that the mixed carbide
bardfacing under 3-body abizsion conditions. This anomaly is ascribed to the higher density
WC settling out in the weld pool, resulting in a region near the surface of the weld being
depleted in WC, This is a major reason for the deveiopment of the (W,V)C based alloys,
Ucar®™ and Vancar, These carbides have densities much closer to that of molten Fe
resulting in more homogeneous carbide distribution. The sample used in the 2-body abrasion
tests was ground deeper, exposing a region with a higher WC content.

VC has a demsity much closer to Fe than WC and would therefore not present these
problems®®, The wear rate of aiioys containing VC is constant throughout the thickness of
the \ ~posit. VFGD9 is an cxample of this. Section 5.13 has shown that a soft forritic matrix
may not be the best for wear resistant applications. Yet, VF609 with its ferritic matrix
obtained the same and better wear rates as tungsten carbide~based materials with a martensitic
matrix. The VC content of VF609 is only slightly higher than the commercial alioys used. By
optimising the matrix it should be possible to reduce the carbide content to that of commercial
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alloys and still maintain superior abrasive resistant -ropertics.
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6. CONCLUSIONS

1. The abrasion resistance of selected alloys in the Fe~V-C systemn was equal or better
to that of commercial hardfacing alioys (WC, Cr,C, and mixed carbide) under these
experimental corilitions.

2. The S00°C isotherm of the Fe-V-C phase diagram may be used ag a guide for
predicting the phases formed when producing alloys using the vacuuri) tungsten arc
and induction mejting techniques described in this dissertation.

3 Those materials dontaining primary spheroidal VC, , o and Fe,C were the most
suited for abraswe applications. In these alloys carbon wiil form VG, preferentially.
Any £XCess d&rbon will form Fe,C while any excess vanadium will form o solid

solution with iron,

Y § Microhardness tests indicated that dendritic VIC . particles are very brittle and

) increase the wear rate. This was proved by SEM work which showed thet arcas
~ containing dendritic VC particles showed accelerated material loss. This was thought
to be the cause of the high wear-rate in Alloy VF576. Dendrites should therefore be

avoided for abrasiou resistant applications.

3. The presence of cracks prior to abrasion resulted in preferential removal of cracked

areas during 3~body abrasion. Cracking therefore leads to higher abrasion rates and !

should be suppressed,

6. Graphite is relatively soft and acted as penetration sites for abrasives. Stage one of the
abrasion cycle was therefore accelerated. Graphite should therefore be particplarly
avoided in 3-body abraston sitnations.

7. Alloys with small VC particles showed lower overall sbrasion resistance than alloys
with similar vanadium contents and larger VC particles under 3-body abrasion
conditions. Larger VC particles were able to withstand the attack of the abrasive
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particies and remain proud of the wom matrix. .
Alloys containing 1} and o phases were so friable that they could not be tested except
for alloy AFS86A. They may be expected to perform poorly under abrasive conditions
on account of their brittleness but this should be investigated further.

In 2-body abrasion tests, cracks and smi\\ VC particies ‘which critically affect the

abrasion resistance under 3-body conditions arc of lesser importance. The total

volume percentage of VC and overall hardness are more important. \»
\

The use of VC as a hard phase in absasion resistant applications gives a higher
abrasion resistance than WC of thc same mass because of its much lower density,

higher hardness and greater uaiformity of carbide distribution in the hardfacing aslloy.

Control data on the importance of the VC particle size, shape and volume percentage
have been coliccied in this work.

Future work on these materials should involve the use of the alloys astweld deposits
on test plates. An attempt should be made to increase the hardenability of the matrix

while ensuring large, spheroidal VC particles and avoiding cracking,
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