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FACTORS INPILUENCIEG TEEZ SECCHNDARY HAZRDLLING OF VARADIUM STHHLSY
This thesis 1is based on an investigation undertaken during

the period April 1973 to July 41977 at Sheffield City Polytechnic.
During this period, frequent meetings were held to discuss the

pregress of the research project.

Furthermore, the following lecture modules were attended from
the part-time ¥.Sc. course in Industrial lletalilurgy, at -

Shef{ield City Folytechnic:-

1. .Tool,Materials

2. High Strength Allcys
The results obtained in this invéstigatioﬂ and the theories
developed are, to the best of my knowledge, original except’
&here reference huas been'madé to other suthors. Ho part.of
thié thesis has been submitted for a degree at anyrbther

University or College.

July 1679 .
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Research over the last twenty years has conclusively
shown that the secondary hardening of high speed steels is
due to pPGCL} itation hardening by carbides fcrimed on tempering.
Vanédium carbide offers the major céntribution to this' |
phenomenon, and primarily for this reason, vanadium is present
in all grades of high speed steel.

The object of this research was to attempt to improve
the secondavry hardening response of high speed steerls, due
to V Cj' reciritation.” There were two important aspects,
these peing the effects of varying elements on thé nucleation
rate of tﬁis éarbide on tempering &and to attempt tc improve
+he dissolution rate of VL\LC3 during saustenitisation. A

censiderable amount of research has been carried out on the

orientation relationship between precipitating Vu 3 paerticles

S d

€n ©

»
-

in a ferrite Hatrix, but 1little work has been undertal
the effect of otlef €lements on this precipitation mechanism.
Simple ternary and gquaternary alloys were melted,
contaLnlnp in each 1notance, iron, carbon and vanadium and
in the latter case an aucltlonal 2lloying elemnent. A nu:b b
of commercial purity steels were also employed, these being
carburised to give a range of carbon contents in the cases
True secondary hardening did not occur in the high purity.
“st gels which only contained vanadium &s an alloying addition,
but this did take place in the high purity steels in which
a2 second alloying addition was present. A1l the commercial

purity steels showed secondary hardenlng peaks, over a wide

range of carbon contents, with the exception of throse with



vefyllow vanadium levels (0.05 and 0.06 wt. %). - Optimum
secondary hardening occurred at or close to the stcichio-
-metric Vanadium : carbon ratics for Vth formation in these
steels.

The nucleation of VMCB took place on dislocations
_ surroundmﬁbysolute atoms. This meant that the greater
distortion and higher free energy associated with the preéeice
of solute atoms in the matrix, the higher the nucleation rate
of V&CB. ‘Silicon énd maénganese had the greatest effects in
ihcreasing the rucleation rate of V,L;C3 y as the lattice
parameters of these elemenfs differed quite appreciably with
that of ferrite.

Non-carbide férming elements, with the exception of
silicon, increased the dissOlﬁtion rate of VuCB during
austenitisation. These elements decreased the interatomic
bond strength between vanadium and carbon atoms in the V.LLC3
lattice. Silicon had the effect of retarding the diffusion
of vanadium atoms avay from the carbide and'intp the austenite

lattice.

- A very sﬁrprising aspect of this research was that some
}Af the high purity steels graprhitised during long term
tempefing at 56090. This vas due to VACB decomposing into
graphite, but the addition of molybderum, manganese, chromium
or tungsten prevented this phenomenon.

The results of this work allowed a suggestion to be made
of the composition of a low alloy tool steel. This steel
/as a compromise comrosition between ortirum secondary
hardening résponée due tQ VACZ precipitation and maximum
dissolution rate of primary VLLC3 on austenitisation. Such .

a steel would have a much lower cost than high speed steels.
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CHAPTER 1

1. Introduction - ‘

The metallurgy of high speed tool steels has rarely been
carried out in a basic manner. Usually the work has consisted
of altering the élloy composition in an attempt to obfain tetter
cutting.propertiés, Qithout & full understanding of the
metallurgical principles involved. |

In this reéearch‘it was decided to maké a detailed study.
of the effect of cne of the most important allo&ing elements
present in high speedisteel, namely vanadium.  This elemént‘-
is Xnown tp be a véryvstrong carbide former, its carbide having
a high hardness and heﬁce aiding the wear resistanCe properties
of the tool; In addition, the precipitation of vanadium carbide
on tempering is vitally_important_iﬁ giving the troperty of
secondary hardening to high speed steel.

| Therefore, on this theme, the object of the work is to
. endeavour to obtain improved seccndary hardening response from
vanadium carbide precivitation. Cnly by having the venadium
and carbon dissolved in the martensitic matrix after hardening
can the possibility eiist of’obtaihing'secondary hardenipg by
vanadium carbide precipitation. The effect of inaividual_
alloying)elements on vanadium carbide solutioﬁ during austeni~-
.tisation is thus an integral part of this research. Similarly,
whether these élements enhance vanadium carbide precipitation
is another vital factor.

From this simplified approaéh itlis hoped to understand
beﬁter the role of vanadium in high speed steels, aﬁd to be
able to achieve ortimum secondary hardening response from the

precipitation of vanadium carbide.



CHAPTER 2

2. Literature Survey

2.1 The Partitioning of Alloying Elements Between the Matrix
and Carbide Phases in High Speed Tool Steels.

2.11 Primary Carbides Present in High Speed Steels.

Thé carbide most commonly found in high speed steel is

' 57'(M6C), where M stands for metal atoms. This was firstly
identified by Goldschmidt (1), whb described the carbide . as
"high speed steel carbide”, The reason for thigs was that
he found this carbide presant in very large proportions'in a
range of high speed steels. He found the same type of.carbide
in both tungsten and molybdenum based steels, and so deduced
that the tungsten and molybdenum atoms were interchangeable.
The crystal structure of the carbide was found to be face-
centred cubice.

In later work, Goldschmidt (2) carried out an X-ray
investigation on electrolytic carbide extracts from T4 high
speed steel (TABLE 1). This showed that the composition of
the carbide could vary between FeuWQC and FEBWSC' He found
that chromium and'vanadium were both very soluble in the carbide,
being capable of intexrchanging with either the iron or tungsten
atOms.A This ambiguity in positioning was he thought in
accordance with the transitional character of chromium and
venadium.  The atomic sizes would be favourable for chromium
and vanadium to replace iron (as they do in ferrite when carben
is absent), whilst valencies and the character of chromiun
and vanadium as carbide~formers would tend to place them in
a carbon environment, in a.similar manner to tungsten.

The second carbide that Goldschmidt (1) found present

. (2)

was K (M23C6). Most of the metal atoms he

chromium, but irocn, tungsten, molybdenum and vanadium were all

found to be

Tound to be capable of replacing some of the chromium. The



crystal structure of this carbide was also found to be face
centred cubic.

The third primary carbide that Goldschmidt (1) identified
in high speed steel was vanadium carbide (VMCB)’ which he
found to have a face-centred cubic, sodium-chloride type
structure. Goldschmidt (2) had great difficulty in identifying
this carbide in T1 high speed steel in the as-hardened
condition. This was due to the tungsten content of the
steel being much higher than the vanadium, so that most of
the carbide present was M6C. However, by X-ray analysis he
readily identified VuC3 in high speed steels with higher
vanadium contents than T4.

Vanadium carbide has often been quoted as VC or classed
as being of the MC type. Goldschmidt (1) undertook X-ray
analysis of vanadium carbide and found it could exist over
a range of composition between VC and VMCB' He pointed out

that discrepancies in lattice parameter measurement of the

(3) (4)

carbide between Becker and Maurer, Doring and Pulewka
were due to analysis of the two different compounds, VC and
Vu03° _ |

The carbide VMCB has a defect lattice with respect to
the carbon sites and can exist with VC in steels over a solid
solution range. Iattice parameter measurements for vanadium
carbide of L4.13 and L4.30 2 by Osawa and Oya, (5) were in the
opinion of Goldschmidt, obtained from carbides at the two
extreme ends of the solid solution range. His conclusion
was that VACS was the most likely vanadium carbide to appear
in steels, thus confirming eariier work by Wever, Rose and

(6)

The three carbides which have been mentioned are the

Eggers.

normal primary carbides present in high speed steels.



However, there are another three primary carbides which may
be present in these alloyse. One of these carbides is M7CB’
which is quite often present in high speed steels, whilst
M20 and MBC may form in these alloys with very high carbon
contents.

Steven, Nehrenberg and Philip (7) carried out a detailed
study of the chromium carbides that were present in M2 (TABLE 1)
high speed steel, in the annealed condition, over a whole
range of carbon contents. Their results showed that, with
carbon levels of 1.1 wt. % and above, the chromium carbide
present was M7C3 and not M2306V'

Mukherjee (8) undertook a detailed study of the chromium
carbides present in a range of commercial high speed steels.
In general, he found that for alloys containing more than
1.0 wt. % carbon, the chromium carbide M7C3 was formed instead
of M23C6' The particular'steels in which he determined that
M703 was present were My1, My2, MU6 and high carbon versions
of M2 and M35 (TABLE 1).

The carbide Mzc (where M represents tungsten or molybdenum
atoms) had been known, for a considerable length of time, to
be precipitated during the tempering of high speed steels.(g)
However, it is only in latter years that research has shown

that M.C can be present in these alloys as a primary carbide.

2
Gedberg, Sidelkovsky, Melnikov, Kazak and Loktyushin (10)
identified the carbide phases present in some high speed steels
with high carbon contents, in the as-cast condition. They
detected the carbide M,C, but stated that this phase was
metastable. The tendency of MQC was to dissolve in either

the eutectic phase or in inclusions formed along grain bounda-
riese.

(11)

Steven, Hauser, Neumeyer and Capenos carried out a



detailed study of the carbides present in high-carbon high
speed steels. They claim that MQC starts to rerlace M6C
in steels with carbon contents in excess of 1.20 wt. %.
However, most high speed steels have carbon levels below
this value (usually between 0.75 and 1.0 wt. %).
(12)

Bungardt, Haberling, Rose and Weigend, Preis and

Lennartz (13) and Horn (14) all detected M,C in high-carbon

2
M2 high speed steel. Preis and Lennartz were not able to
determine the presence of any of this carbide in the alloy

at carbon contents less than 1.26 wt. 7z, but above this value,
M20 started to rerlace M6C. Their results also showed that
even in this high-carbon steel, quantities of silicon in excess

of 0.70 wt. % caused M C to form, rather than M,C.

2

Horn found that the elements molybdenum, chromium and
vanadium promoted the formation of the carbide MQC, whilst
nitrogen and silicon that of Méc. Part of her work consisted
of assessing the stabilities of the various carbides at
temperatures in excess of those used for solution treatment.
The results exhibit MQC to be unstable, reacting with the
surrounding austenite to form Méc and MC.

Haberlingjand Kiesheyer (15) undertook a detailed study
of the effects of silicon on the carbides formed in M7 high
speed steel with a highbcarbon content. They varied the
silicon level between 0.34 and 2.20 wt. %, and found that
increasing amounts of this element favoured the decomposition
of the carbide MZC’ with formation of M,C and iC. Therefore,
thelr results in this respect were in agreement with those of
Preis and Lennartz, (13) Horn (14) and also Schlatter and
(16)

Stepanic

(17)

Fischer and Kohlhaas are also in agreement that

high carbon and low silicon contents are required for MQC to



form as a primary carbide in high speed steels. However,
they point out that other factors are necessary for this
carbide to be present. Their results on a range of high
.speed éteels, showed that MZC was oniy present in steels
with high molybdenum and low to medium vanadium contents.
When the vanadium level was in excess of 2 wt. %, M6C tended
to form rather than M2C, and in this respect their results
were contrary to those of Horn. (14)
A further factor which they found to be important in
controlling the type of carbide present, was the cooling rate
after casting. Rates of cooling greater than 4°C/min. tended
to cause M C to form in M36 (TABLE 1) high speed steel with a
high carbon level, whilst the converse meant MZC was presént.
Their theory for this was that with slow cooling rates,
localised enrichment in alloying elements occurred during
solidification,allowing the alloy carbide M,C to form rather
than M6C, which has a very high ircn content. Optical
microscopy exhibited M20 to have a needle-like shape, whilst
M60 had a fishbone or ‘skeleton form. Long term annealing
(24 hrs) of this steel at 105000 caused all the MZC to dissolve.
The final primary carbide which has been found to be
present in high speed steels is the iron-base carbide MBC'
Goldschmidt (2) found small amounts of MBC when determining
the carbides that were present in a range of high speed steels.
The most precise research on the presence of this cafbide,
however, has been undertaken by Haberling, Rcse and Weigand, (18)
and once again the imporitance of the carbon content in controll-
ing the types of carbide present is clearly illustrated.

These workers investigated the carbides present in M2

high speed steel over a range of carbon levels from O.4 to 3.4
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the quite high tungsten level that these workers found in this
carbide is,exﬁlained by the above.composifion range. 

In high chromium steels (1L.0 wt. % chfomium),~containing
no other carbide forming elgments, M2306 contains between 60;0
and 67.3 wt. % of chromium. This was found by Gullberg, (217
who aﬁalyséd this carbide bbth by»means-of the microprobe and
by chemical analysis of extracted residue. Correlafion of
the results from the two analysis techniques was ﬁery good.

(22) used

Baikov, Baranova, Xupalova and Aleksandrova
X-ray technigques to study the carbide derosits of the HC type
that were obtained by electrolyticﬂextr&ction from four grades
of high speed steels, in the anneaied cdndition. These steels
had’éompositions ranging as follows:— carbon C.89 - 0.98,
chromiﬁﬁ 352 = 4,18, vanadium 1.7 - 2.25, molybdenum b - 6.0°
and tungsten O - 12.0 wt. %. Their resultsvéhowed‘that these
changes in composition were accompanied by alterations in the
analysis of the vanadiuh carbide present in thé(steels. In
this carbide lattice, up to 35% of the vanadium atoms could be
repiaced by tungsten, moiybdenum or chromium. | B

The vanadium carbide which was extracted from the éteel
"contéinihg 12.0 wt. %‘of tungsten, contained almost the limiting
quantity of this element that could be dissolved. However,
analysis of the vanadium carbide from the two ailoys containing
both tuhgsten_and molybdenum, showed that molybdenum replaced
vanadium to a greater exténf-than did tungsten.

_ Further résearch was carried out on & similar range of
steels for the analysis of vanadium carbide by Baikov, Baranova

(23)

'and Kﬁpalova. ‘The only exception to the steels con which

)

they had previously carried out research (22 was an alloy

containing 0.50 carbon, 3.35 chromium, 3.36 vanadium and 6.42

-



wte 5% ﬁolybdenum, there being no tungsten present. ',They
again used the technique of electrolytic éxtﬁaction and Xéray
analysis to show that the vanadium carbide in this range of
steels contained between 42.8 and 46.5 wt. % of vanadium.

This highest'vanadium cgntent was, as expected, in the -
carbide froﬁ the steel with 3.36 wt. % vanadium, whilst the
lowest level wgslfrom the alloy containing only 1.7 wt. %
of the element. Their results again éhowed that holybdenum
could replace vénadium atoms in the vanadium carbide to a
greater’extent than could tungsten. On a weighﬁ percehtage
vasis fhe tungéfenvand'bolybdeﬁum contents of the vanadium
carbide over the range of steels varied, in both cases from O
to 36.2. |

The chromium and carbon contents of the steels varied very
little and hence the cohéentraﬁions of these elements in the
' vanadium carbide were fairly constant over the range of éllbys.
The carbon levels varied from 13.4 to 17.1 and-the chrémium from
3.5 to L.t wt. %. Their analysis resulté showedvthat no iroﬁ
was present in the’vanadium carbide, and in this respect their -
results differed from those of Jones and iukherjee; (19)

(24 )

Lennartz and Freils used the technigue of electrolytic
extraction and chemicai énalysis.to determine the COmpositioﬁs
of the carbides lC and Mec pnesent in the high speed steel |
Komo 310 (TAéIE 1), in the as;hardened condition. This is

one of the’ﬁigh4cobalt high speed‘steels; containing 10 wt. %
of this element. Their re§ults showed the metal atcoms in the
carbide MC to have a coﬁposition of C.8 iron, 4.1 chromium, —
L3.5 vanadium, 3%2.3 tungsten, 12.2 molybdenum and O.q1 wt. %'
cobait. The.metal atoms in the carbide M6C consisted of 28.9

iron, 3.3 chromium, 4.6 vanadium, 45.0 tungsten, 1L.7 molybdenum

and 3.5 wt. % cobalt.



These results clearly éhow that tungsten and molybdenum
can replace a considerable number of vanadium atoms in the
carbide MC, and are thus in agreement with those of Baikov,
Baranova and Kupalova. (23) Cobalt was shown to be able to
replace a small amount of the iron which was present in M6C.

Further research was carried out by Lennartz and Preis (13)
on the analysis of the metal atoms present in the carbides
MC and M6C in a range of high speed steels after hardening.
The composition ranges of these steels were generally not
very wide, and can be listed as follows:- carbon 0.8 to 1.0,
chromium 3.75 to 4.25, vanadium 2.0 to 3.0, molybdenum 3.0 to
. 5.0, tungsten 3.0 to 10.0 and cobalt O to 10.0 wt. %. Over

this range of alloys, the carbide MC contained between 0.8 “

and 1.4 iron, 4.1 and 6.7 chromium, 43.5 and 54.3 vanadium,

24.2 and 39.9 tungsten, 12.2 and 19.7 molybdenum and O to 0.5

wt. % cobalt. The carbide M/C contained 21.2 to 31.7 iron,

3.3 to L1 chfomium, 3.4 to 23.3 vanadium, 30.3 to 45.0 tungsten,
14.7 to 23.9 molybdenum and O to 3.5 wt. % cobalt.

The carbide MC was shown to vary quite considerably in
composition over the range of steels. Increases in both the
tungsten and molybdenum contents of the alloy caused further
solution of these elements in this carbidé. The highest tungsten
level found in the MC was in the high speed steel Komo 310,
which contained 10.0 wt. % of this element. Very little cobalt
was present in the MC and the iron and chromium contents of this
phase were quite stable over the range of alloys.

Analysis results cof Méclshowed that this carbide could
dissolve more cobhalt than was the case for MC. The composition
of MGC in the steels was reasonably consistent with one exception.

This was the high speed steel Mo 325 (TABLE 1), which contained



2 wt. % vanadium and only‘i wt. % of both tungsten and
molybdenum. The M6C extracted ffom this alloy had metal
atoms consisting of 23.3 wt. % vanadium, whilst in the other
materials this figure did not exceed 5.L wt. %. This clearly
showed that in relatively low-alloy content high speed steels,
vanadium could replace both tungsten and molybdénum in Méc;

(13)

Lennartz and Preis also extracted and analysed the

M6C and MC carbides from M2 highvspeed steel ﬁith a range of
carbon contents from 0.85 to 1.51 wt. %, in the as-hardened
condition. These varistions in the carbon level only slightly
altered the compositions of both of the carbides. The analysis
of the metal atoms in MC,; for these carbon levels, varied between
0.7 to 1.2 iron, 6.0 to 6.7 chromium, 38.0 to L6.8 vanadium,
26.8 to 31.2 tungsten and 19.6 to 22.9 wt. % molybdenun;

whilst those present in M6C‘ranged froﬁ 30.9 tq 318 irons 3.7
to 1.2 chromium, 3.0 to 6.3 vanadium, 35.9 to 37.5 tungsten and
22.7 to 24.3 wt. % molybdenum.

Fischer and Kchlhaas (17) analysed the primary carbides
present in certain high speed steels in the as-hardened condition
by means of the electron microprobe. Their results are
presented in the form of the weight percentages of elements
present in the metal atoms of the carbides. They divided the
alloys into three gfoups, with the first of thesé being based
on the ™ (418 wt. % tungsten) high speed steel. The second
series had relatively high vansdium contents (up to 5 wt. %),
whilst the last had high molybdenum levels.

They Getected the carbides MC and M C in all of these
steels and the compositions of these phases were in good
agreement when analysed in the same alloys as those employed

by Lennartz and Preis. (13) This suggests that the technigues



of electron probe microanalysis.and electrolytic extraction
followed by chemical analysis are both accurate when assessing
the metal content of primary carbides in high speed steels.

A major difference in the work by Fisher and Kohlhaas
compared to that of Lennartz and Preis was in the maximum
tungsten and molybdenum contents that they employed'in their
steels. Lennartz and Preis did not exceed 10.0 tungsten and
5.0 wt. % molybdenum, whilst the former had maximums of 18
and 9 wt. % respectively. Fisher and Kohlhaas showed that
the extra amount of these two elements was present in the M6G
carbide in these steels. Two illustrations of this fact
are given in the analyses of metal atoms in M6C in T1 and M1

high speed steels. The former contained 54.8 wt. % tungsten

whilst the latter 45.5 wt. % molybdenum.

213 The Stoichiometric Ratio in High Speed Steels

The significance of stoichiometric metal : carbon ratio
to form carbides in high speed steels is emphasised by Hoylé.(25)
He listed the weight percentage of carbon for 1 wt. : of an
alloying element to form the normal primary carbides present
in high speed steels (TABLE 2). 1In the case of the carbide
M6C, he gave this as having a formula of WZC or Mozc. The
reason for this is, although the carbide has a formula of
FeLL (w, Mo)QC, this does not affect the proportion of carbon
to alloying element for carbide formation. It can be clearly
seen from these stoichiometric carbon values‘that considerably
higher weight (or atomic) percentage carbon is required to form
vanadium carbide than either M6C or M2396'

Mukherjee (8) pointed out that the stoichiometric ratio

for high speed steels is somewhat misleading in the sense that



the primary carbides presént tend to dissolve other alloying
elementse. He mentioned that because of this point, little
attempt is ma2de to produce high speed steels to éxact stoich-~
iometric ratios, but generally alloys are reasonably closé to
this idesl value.

An exception to this failure to take into account the:
dissolution of elements in the primary carbides present in _
high speed steels was made by BaiXov, Baranova and Kupélova.(gi)
They detefmined formulae for vanadium carbide that took this
fact into account in these alloys, and also calculated ideal
stoichiometric ratios for the formation of this phase.

Their results showed that this carbide could have a formula
ranging from (VO.77 WO.17 Cr0.06) C, in high-tungsten ﬁolybﬂenum—v
free high speed steels to (VO.67 Moy g CPO.OS) C, in these
steels with high molybdenum contents, tul free of tungsten.

This clearly illustrates the greater capacity of molybdenum

than'tungsten in replacing the vanadium present in vanadium

carbidee. In this formula x represents the number of carboen
atoms.

For ideal stoichiometry, over this range of carbide
compositions, they found that 1 wt. % vanadium combined with 0.8
¥ 0,03 wt. % (tungsten and molybdenum), 0.1 ¥ 0.01 wt. &
chromium and 0.28 £ 0.1 wt. % carbon. This is to form a carbide

of Tformula MCO.88’ this being intermediate between FC and MhLB'

2.7 4 The Free Energies of Formation of Carbides

~
Richardson,(zo) undertook a detailed study of the chemical
affinity between differing metal atoms and carbon. The

eguations that he developed were for metal atoms reacting with



one atom of carbon and also took into account:the effect of
temperature." His results have been slightly modified to
show the free energies of formation of carbides on a basis of
one atom of each of the particular.metals reacting with carbcen
at 25 °c (TABLE 3). |

In thls work he 1ncludes two of the important primary
cartides that are present ih h;gh speed steels, namely VC and
| Cr23C6. Vanadium carbide 1is shown to be very stable, having
& high negative free energy of formation. The carbide Cr2306

is considerably less stable than vanadium cartide, as is another

- carbide that can be present in these steels, Cr?C;.

‘.
-

. There is no free energy valueigiven for the formatien of
. M6C, the otner important carbide present in high speed steels,
altheugh a value is given for WC. However, the carbide M C
has-effectively a formula of MOZC or WZC’ and in fsct Richsrdson |
determined the free energy of formation of the former earbide over
the temperature range O t0'1OOOOC.

Unfortunatelﬁ, due to experimentai problems, the free -

2
Nevertheless, sufficient information was gained to show that

'energy‘equation for the formation of Mo.C was not accurate.

Mo,C was in fact a very stable carbide.

2.1.5 The Partltlonlngiof Elements in ngh Speed Steels in
the Annealed condition .

In high speed steels, the analyses'of various elements as
welght percentages can be very misleading. This fact_was‘firstly
recognised by Gill, (27) whe peinted out nhat one of the elemenﬂs
pfesent, namely tungsten, had'a‘nigh atomic weight. Tungsten |

is present in large amounts in many high speed'steels, so it



is &lso useful to think in terms of atomic percentages when
comparing this element with others in the steel. lfolybdenum
in high speed steels behaves in & very similar manner to '
tungsten and so a direct comparison of weight percentages of
these two elements is relevant. This shows that 1 wt. %
molybdenum has the same effect as between 1.6 and 2.0 wt. %
tungsten. Gill presented histograms comparing atomic and
welght percentages of tungsten and other alloying elements
occurring in T and M2 high speed steels (Fige 1).

Keyser and Cohen 28) found that, in the annealed condition,
high speed steels consisted of between 26 and 32% by volume of
carbides, with the remainder of the structure ferrite. The
exact quantity of carbide within this range depended on both
the carbon.content of the particular alloy and the amount of
carbide forming elementis present. Their results are shown
in FIG. 2 for the weight and atomic percentages of the principal
elements found in the overall carbide as electrolytically
extracted from types T4, M10O and M2 (TABLE 1) high speed steels,:
and analysed by chemical means. '

These authors noticed that the overall carbide from each
steel contained similar amounts of tungsten, molybdenum and
chromium, whilst the vanadium and carbon levels were somewhat
higher in that extracted from M10 and M2. Both of these steels
contain 0.15 wt. % more carbon and 1.0 wt. % more vanadium than
T4 high speed steel. This tendency for additional vanadium
and carbon to concentrate in the carbide phase was found to be
considerably more marked in the high-carbon/high-vanadium steels
T15 and M4 (TABLE 1). These alloys gave overall carbide having
an analysis of 20 to 25 vanadium and 25 to 32 wt % carbon, along

with a carbide volume fraction of 32%.



The analysis that. they conducted on'the ferrite matrix in‘
annealed high speed steel revealed that this phase.generaliy
consisted of less thanl1.5 tungsten, 1.0 molybdenum, O.4 wt.'%
vanadium and 1ittle or no carbon. Hewever, over qne’half of :
the chromium content renained in solution in the ferrite, and
any cobalt present in the steel was dissolved to a large extent.

Chodorowskl, Jurczak and Iampe (2 O> investigated the effect
ef dncreased carbon content on the phase analysis of the high
speed steels SWQ and‘SW12, tn the ennealed conditinn. Thetonly'
-difference in the analﬁses of these two alloys lies in tneir
tungsten contents, with SW2 contalnlng 3 wt. % more of thls
element. - The hlgh-carbon alloys were classified as SJ9C and
SV12C, and contained between O 27 and 0.33 Wt % more of carbon
than SW9 and SWi2 (TABIE 1). "

They employed a technique of electroljtlc extractlon of
.the carbides and subseouent analysls of the res1due. " From these
‘analys1s flgures, ‘and with a knowledge of the volume fractlon
| of carbldes present, these authors were able to calculate the
matrlx compos1tlon of the alloyse.

Thelr results sbowed the hlgh speed steel SW9 to have a
carbide volume fractlon of 18.9%, with a matrix analysis of 0.95
tungsten; 2.43 chromium,:0.11 vanadium and 9é.51\wt.% iron.
However, increasing the‘cafbon content of tnis alley by 0.27 wt. %
(SW9C) caused the carbide volume fraction to rise to 23.0%. This
-ereated a.depletion in the matrix'of tungsten, chromium and
vanadium of 0.95, 1.0Z and'0.06 wt. % _respectively, with a
,subseqnent increase in iron of 2.08 wt. %. - In fact no tnngsten

at all was presentfin the matrik of SWSC in the annealed condition.



TheAcalculated analysis of the matrix of the high speed
steel SW2C, yielded a composition of 0.99 tungsten, 2.17
chromium, 0.15 vanadium and 96.6S wt. % iron. The carbide
volume fraction of the steel was 24.0%. They did not under-
take the matrix analysis of the alloy SVW12, but instead
averaged out the matrix compositions obtained on this steel
by Koshiba, Kimura and Eorado (30) and Sato, Nishizawa and
Murai. (31) These results gave a matrix composition of 0.25
tungsten, O.54 chromium and 0.13 wt. % vanadium in excess, and
0.92 wt. % iron in depletion, of the contents of these elements
in the matrix of the high-carbon alloy, SWi2 C. The volume
fraction of carbide present was 20.0%.

Chodorowski, Jurczak and lampe concluded that igcreasing
the carbon content of both SW9 and SWi2 high speed steels caused
a depletion in the matrix of the carbide forming elements.

This was due to the presence of extra carbon, with which they
could react to form carbides. An increase in either the
carbon or tungsten content of the steel caused a greater volume
fraction of carbides to be present.

They worked on different steels to those used by Kayser

(28) but nevertheless their matrix analysis results

and Cohen,
are in good agreement. Generally the results correspond with
earlier matrix analysis work conducted on SW9 high speed steel
by Arkharov, Kvater and Kiselev, (32) Ivanov, (33), Nikanorov,(3u>
Malkiewicz, Bojarski and Foryst (35) and Gulyaev, Kupalova and
Landa (36). These workers determined volume fractions of
carbide present in this steel, in the annealed condition, as
ranging from 16.2 to 19.0 %.

Popandopulo (37) determined the ratio of the carbides MC

and M6C in a range of tungsten-molybdenum and tungsten-molybdenum-



Ooe

cobalt high speed steels. The carbvides were’anodically
separated and subjected to chemical and X-ray structural
analysis. His results showed that, in tuﬁgsten—molybdenum
high speed steels, the MC/M60 ratio was raised with an increase
in the molybdenum content of the alloy.

This was in agreement with the findings of Baikov,
Baranova and Kupalova, (23) who determined that molybdenum
revlaced a greater gquantity of the vanadium atoms present in
vanadium carbide, than did tungsten. Therefore, more
vanadium would be free to form & greater volume fraction of
its own carbide in high speed steels with high molybdenum
contents., The other conclusion that Fopandopulo drew was
that in high speed steels containing tungsten, molybdenum &nd
cobalt, the MC/M6C ratio was decreased with increased concent-
rations of carbon and cobalt. However, this effect was only
very slight with respect to cobalt.

An intermetallic compound may be present.in certain high
speed steels in the annealed condition. This fact was firstly
recognised by Goldschmidt, (1) and he termed the phase éEi
Unfortunately, he only found very small guantities of this
phase and so was unable to determine its formula.

The formula of this same intermetallic compound in iron-
tungsten and iron-molybdenum alloys had earlier caused
considerable disagreement. Original research on fhese alloy
systems by Arnfelt (38) showed that the compound had the
general formula M3R2., This corresponded to F83W2 and F53M02
in iron-tungsten and iron-molybdenum &alloys respéctively.

He also verified that the phase had a close packed. hexagonal

structure.



(39)

Sykes and Van Horn determined the presencé of

Fe,W, in a series of iron-tungsten binary alloys. They

372

also pointed out the presence of another intermetallic compound

in this system, namely Fe2W. In later work, Arnfelt and

(L0) (41)

Westgren and Westgren verified the existence of

‘compounds of formulae Fé'W6 in iron-tungsten alloys and Fe7Mo6
in iron-molybdenum alloyé. Their findings were that both of
these compounds had rhombohedral structures and were isomorphous
with the cobalt-tungsten compound, Co7W6.

Prior to undertaking this research, these authors did not
think that Fe2W existed in ironftungsten.alloys. However,

they then found both Fe W6 and Fe,W in these materials, but

2

did not determine the presence of any Fe3W2. The compound
Fé2W was shown to have a rhombohedral structure and they con-
cluded that the phase Arnfelt (38) himself had thought was
FeBWZ, with this same crystal structure, was in fact Fe,W.
Sykes and Van Horn (39) had actually found the existence of

Fe W but the second intermetallic phase, that they thought to

2
be Fe_ W, in this system, was Fe W6'

372

In more recent work, Goldschmidt (L42) determined that the
intermetallic compound present in some high speed steels, in
" the annealed condition, was in fact Fe7W6 (or Fe7Mo6). The
precipitation of a phase of this type, at tempering temperatures
between 600 and 700°C has been utilised in a new range of tool
materials. Actually the precipitated compound is (Co Fe)7 W'é’
with the cobalt and iron atoms being interchangeable.

In these recently developed alloys, the carbon content can

be as low as 0.06 wt. %, whilst the cobalt level is of the

order of 25 wt. %. Tungsten is also present, in the range



5

17 to 26 v

-

t. %, but thése materizls are generally free of
chromium and vanadium. -
: Kupalova, Ianda, Malinking and Fadyushina, (b3) Brpst:em
and CGeller (9”> anéd Kupalova and Stepnov (AS) all éttempted to
develop these alloys to have strength and red hardness properties
intermediate between normal high>speed steels and sintered
metal carbides. Some Co7W6 is pfesent in the iron-tungsten-
cobalt alloys in the annealed condition, but this is completely
taken'into solution on austenitisation at 115000; The very
léw carpon content of these alloys means that they are consider-
ably softer in the as-hardened condition than high speed steels.
However, after tempgring, the ﬁar@ness valuesof the two
matefials are very similar, owing to the considerable guantity
orf precipitation of Co7v6ﬂin the iron-tungsten-cobalt alloys.
In fact, these authors claim that iron-tungsten-cobalt alloys
are superior with respect to red hardness, to high speed steels.
- They‘claim tﬁat hérdness commences to deéiine in hardened and
tempered high speed steels at temperatures between 620 and
65000, whilst temperatures in excess of 7OOOC afé required
vefore this phenomenon occurs in iron-tungsten-cobalt alloys.
- The field of aﬁpliqation of these alloys is in‘the machining
Vof titanium alloys; cavitétionnrésistant austenitic chromium-
manganese stecls and heat resistant alloys baéed on nickel.
All of these materials are pariicularly difficult to machine.

- \.

2.1.6 The Sclubility of the Frimary Carbides during Austenit-
isation

High speed steels are very complex materials and no single
équilibrium diagram can completely represent their behaviour
and show all the reactions taking place. Many attempts to

- compromise have been made, the most successful of which is



shown in FIG. 3 for T1. This diagram was proposed by
Murakami and Hatta (46) and modified slightly in the high
(47)

temperature region by Kuo and at lower temperatures by
Goldschmidt (uz). The diagram shows a binary section at

18 tungsten and L4 wt. % chromium through the quaternary iron-
tungsten-chromium-carbon system.

" This simplified equilibrium diagram for T4 high speed
steel is very useful in explaining both the reactions taking
place on cooling this alloy after casting and the temperatures
required for austenitisation. The temperature range of
austenitisation for this steel is illustrated in FIG. 3, the
upper limit being almost at 1300°C. High austenitisation
temperatures are required for high speed steels to take into:
solution as much of the primary carbide as possible. The
upper level of the austenitisation temperature range for high
speed steels is restricted by a safety margin of approximately
50°C before liquid phase starts to form in the particular
system. Even temperstures intermediate between this upper
limit and that at which liquid phase is formed, cause a marked
coarsening of the martensite along with grain growth.

However, this simplified equilibrium diagram has two
major drawbackse. The first of these is that it takes no
account of vanadium, which is one of the most important alloying
elements present in high speed steels. Vanadium is a strong
carbide former, so it would have the effect of moving this
diagram to the right,: The other factor is that’the carbide
cementite (©®) is included in the diagram rather than M5y5Cg

A considerable amount of research has been undertaken on
the solubility during austenitisation of the primary carbides

present in high speed steels. = Carbides were identified in



differing alloys, in both the annealed and as-hardened conditions.
The austenitisation treatments during hardening varied considerably
in the different research projectse. |

These results clearly show the high degree of stability
of MC, and to a slightly lesser extent of Méc. Tungsten favours
the formation of M6C rather than MC in high speed steels, whilst
molybdenum has the opposite effect. Both these were important
conclusions to bte gleaned from the results. In fact the results
are most conveniently expressed in tabular form, and this is

presented in Table 4.



2.2 The Secondary Hardening of High Speed Steels

In the as-hardened condition, high speed steels contain
considerable quantities of retained austenite (20 to 30% by
volume). This high value led early researchers to think
that the presence of austenite in these alloys was responsible
for the phenomenon of secondary hardening during temperinge.

- The feeling was that'hardening was caused by the conversion of
austenite to bainite at the tempering temperature, or to
martensite on cooling from this tenperature. In addition, the
precipitation of alloy carbides in austenite during tempering
was thought to contribute towards the hardening.

An example of this thinking was the classic work of Cohen
and Koh, (65) although some of their findings were incorrect
the research was still a basis for further work on the tempering
of high speed steels. They stated that four stages occurred
during the tempering of these alloys. The first stage involved
precipitation of cementite from the martensite, followed by
carbide precipitation from austenite in the second stage.
Austenite transformation took place in stage three with the
redissolution of cementite in the ferrite in the final stage
and subsequent precipitation of complex carbide. These
researchers postulated that the second and third stages were
responsible for secondary hardening, but more recent work has
 disproved these theories.

(66)

White and Honeycombe undertook an electron diffraction
study of extracted carbon replicas from T4 high speed steel, in
the hardened and tempered condition. Their results showed that
precipitation of M23C6 from austenite was complete at 100°¢c,

which was well below the temperature for the secondary hardening



peak. In addition, double tempering of this alloy yielded
almost the same hardness results as the single treatment.
This again proved that transformation of the retained austénite,
this time to martensite on cooling, was not responsible for
the. occurrence of secondary herdening.

Payson (67) offered the additional evidence thet the
master tempering curve (FIG. S) for high speed steel, derived

(68)

according to the method of Hollomon and Jaffe, showed
no discontinuity. He clgimed that if secondary hardening
was dependent on austenite decomposition there would be a sharp
change in slope of the curve at a point just beyond the hardness
peak.

The final proof that secondary ﬁardening wes not due to
either precipitation in retained austenite or transformation
of this phase to bainite or martensite, was given by Kuo. (69)
He found pronounced secondary herdening in a low-carbon steel,
which contained only molybdenum as an alloy addition. The
steel contained no detectable austenite in the as-hardened
condition. |

Kuo was also the first person to determine beyond doubt,
that the secondary hardening of high speed steels was actually
due to precipitation hardening, and that this precipitation
occurred within the martensite. He employed a technigue of
electrolytic extraction of carbides followed by X-ray powder
analysis, to find which carbides were present in a range of
these alloys, in the hardened and tempered condition. The
tempering temperatures used were between 500 and 80000, andé
in each case the time was 1 hr.

At tempering temperatures up to, and including 65000,

the only carbides detected were the two stable primary carbides



M C and VC. However, after tempering at 675°C,the carbide
M2C was found to have been precipitated. Kuo determined that
this carbide existed as a solid solution, with a composition
between WQC and Mozc in hiéh speed steels containing both
tungsten and molybdenum.

Tempering at 750°C caused the precipitation of either of
the chromium-based carbides, M2306 or M703, the latter being
present in alloys with high carbon contents. In all the alloys,

M,C was still precipitated at this temperature. However, after

2
tempering at 800°C, the carbide M,C had completely dissolved in
each alloy and fhe only precipitated carbide which remained was
either M2306 or M703. There was one exception, and this was
the alloy T4, which contained some VC after being tempered at
this temperature.

Kuo a2lso conducted a long-term temper of 500 hrs. at 700°C
for these steels. The only precipitated carbide present after
tempering for 1 hr. at this temperature was M2c, but after
500 hrs. this carbide had completely dissolved in each alloy,
whilst M6C’ VC and either M2306 or M7C3 had been precipitated.
This phenomenon was accompanied by a marked softening of the
steelse. ’

The secondary hardening peaks were found to be between
560 and 580°C in all these high speed steels. No X-ray lines
were obtained from precipitated particles which had been ex-
tracted from samples tempered within this temperature range.
This was undoubtedly due to the extremely fine size of these
particles.

However, the fact that M,C was the only precipitate

2
detected at a temperature Jjust beyond thet required for peak

hardness, caused Kuo to conclude that this carbide was responsible



for seéondary hardening in high speed steels. He also
determined that the precipitation and coagulation of WZC in
tungsten~-type high speed steels was greatly retarded by the
addition of either chromium or cobalt.,.

(70) agreed with the findings of Kuo on

Hobson and Tyas
the tempering of high speed steels. They claimed that secondary
hardening in these alloys was due to precipitation of M20 at
56000. Tempering in excess of 62000 caused the resolution of
MQC and Fe3
alloy carbides MGC and M2306' This caused drastic softening

C, followed by precipitation and coalescence of the

within the temperature range 620 to 65000;

These workers also mention the possibility of MC contribu-
ting towards the secondary hardening mechanism of high speed
steels. They felt that the great resistance to coalescence
of this carbide could account for a proportion of the hardening

reaction, although secondary to that caused by M,C precipitation.

(71)

2
employed the technique of electron

Tekin and Richman
diffraction to identify the carbides which were present during
the tempering of T1 high speed steel. They extracted plastic
replicas from samrles of this alloy which were in the hardened
and tempered condition. The tempering temperatures used were
between 450 and 700°C and times from 1 to 50 hrs.

Their reéults showéd that the maximum secondary hardenipg
- effect was obtained after tempering for 8 hrs. at 50000 or 4 hrs.
at 55000, Tempering at temperatures in excess of 600°C caused
a very marked softening of this alloy.

The first precipitate: to form was cementite, but this
carbide was not present in samples which had been tempered at
55000, or above. Tempering at 5OOOC caused the precipitation

of W,C, which appeared to form from cementite laths by means of

2



an in situ transformation. They felt that secondary hardening
was mainly due to WZC precipitation. .

They determined that precipitation of M2306 commenced
at a tempering temperature of 55000, and this occurred within
the retained austenite as well as in.the martensite. This
was well above the temperature which White and Honeycombe (66)
found for the precipitation of M2306 in austenite. However,
Tekin and Richman stated that precipitation of this carbide
in austenite only contributed very slightly towards the
secondary hardening of this alloy.

Tempering at 650°C gave a very overaged structure, with
the additional precipitation of VLLC3 and M6C' These authors
did not consider that precipitation of either of these carbides
had much effect on the secondary hardening of T4 high speed
steel.

Cope (72) electrolytically extracted carbides from samples
of T4 and M2 high speed steels, in the hardened and tempered
condition. In order to detect the precipitated carbides which
were present, he employed the high tempering temperatures of
700, 750 and 800°C, thereby overaging the precipitated particles.
He also varied the tempering times from 15 minutes to 50 hours.

His results showed that M,C was readily precipitated in

2
both these alloys after temrering for 15 minutes at 700°C.
Increasing the time at this temperature to 5 hrs. caused M2306
to precipitate in both steels and MC to do likewise in M2.
Further temrering of both alloys at 750 and 800°C caused no
further ﬁrecipitates to form.

The fact that Mzcvwas always the predominant precipitate
(69)

in these two high speed steels supported the findings of Kuo,
Hobson and Tyas (/°) and Tekin and Richman. (/1) A1l these



workers claimed that the preciritation of this carbide was
resronsible for secondary hardening in high speed steels..

(66)

White and Honeycombe employed the technicues cf
electron diffraction and X-ray powder analysis in an attempt
to determine the secondary hardening rrecipitate in T4 high
speed steel. Carbon replicas were extracted from samples
which had been tempered at temperatures between 300 and 7OOOC,
and so allowed diffraction patterns to be obtained from
‘precipitated particles.

The results showed that the carbide M23C6 was precipitated
at temperatures between 550 and 6OOOC. This precipitate
coarsened appreciably on tempering at 700°C. Furthermoré,
X-ray diffraction of extracted carbide residues also revealed
that M2306 was precipitated during tempering. It was not
possible to detect the presence of precipitated VC or MQC in
any of the extracted residues, and neither could diffraction
patterns be obtained from these carbides.

These workers concluded that the precipitation of M2306
on tempering was responsible for the secondary hardening of
high speed steels. They could find no evidence to agree with
Goldschmidt's (2) postulation that M2306 precipitated within
M6C particles. Eowever, because the diffraction patterns of
the two carbides are so similar, a selective carbide extraction
method would be required to verify this fact.

(73)

Mukherjee refuted the suggestion of Hobson and

Tyas (70) that the precipitation of Mzc was responsible for the
secondary hardening of high speed steels. He used electron
and X-ray diffraction technigues to determine that M2306 was
precipitated in specimens of T4 high speed steel, which had

been tempered at 56000. The hexagonal carbide, MZC’ was



absent in samples which had been tempered at this temperature.
Therefore, this author was in complete agreement with White
and Honeycombe (66) that the precipitation of M2306 was the
crucial factor in the secondary hardening of T4 high spéed
steel.

However, in more recent work Nukherjee, Stumpf, Sellars
and licGtegart (72) found that the precipitation of M23C6 wa s
unlikely to produce marked secondary hardening in ferrite.
These two cubic phases have quite differing lattice parameters
and this was resronsible for precipitatéd M2BC6 coarsening
rapidly in ferrite during tempering.

Research that has been carried out in the last few years
has confirmed an opinion held by Payson. (67) He felt that
in high speed steels which contained in excess of 0.5 wt. %
vanadium, the secondary hardening precipitate wgs VMC3° The
hardening effect due to MOZC or WZC precipitation was much less
than that of VMCB'

A further point of interest from this research was that
he found cementite present in high speed steels which had been
tempered at 5&000. Howeﬁer, tempering at temperatures in excess
of 5uOOC caused all this phase to redissolve. This is in good

(75)

agreement with the earlier findings of lMichel and Papier
(76)

.and Johnson. 7
After finding that his earlier work (/3) on the nature of
the secondary hardening precipitate in high speed steels was

. ) . 5
incorrect, iukherjee (16)

undertook transmission electron
microscopy on carbon replices which had been extracted from
samples of T4, 2 and M50 high speed steels, in the hardened
and tempered condition. These samples had been tempered for

varying times at 56OOC. The electron diffraction results



exhibited that V.LLC3 was the major secondary hardening
preciritate in all three alloys, although some contribution
in this respect was obtained from MQC precipitation. He
found no precipitstes to be present in the retained austenite
~ at any stage of tempering, and this was contrary to the finding
of Tekin and Richman. (/17

The advent of the thin foil technique for the prepasration
of samples for transmission electron microscopy has been a
vital factor in the identification of VMCB as the secondary
hardening precipitate in high speed steels. This preparation
technigue allows electron diffraction patterns to be taken
from very fine precipitated particles, so allowing these to be
identified. .

(77)

L8végue and Condylis used samples in the form of

thin feils to study the precipitates which formed during the
tempering of T4 high speed steel. They hoped that this would
allow the determination of the precipitate which was responsible
for causing secondary hardening in this alloy.

Their results showed that cementite was the first carbide
to precipitate out during tempering, Eventually this phase
decomposed in the following manner:-

Fe,C EQEC_)QWQC + V,C5 + Or_C; 700% MGy V)05, 1,5Cq

It was interesting to note that the first chromium carbide
that these authors found to be precipitated during tempering
was Cr703, and not‘MéECé. The latter was shown to form after
tempering at 7OOOC. They reached the conclusion that secondary

hardening of this alloy was mainly attributable to VMCB

precipitation, with WZC also offering some contribution.



Horn (78) employed the technique of electron diffraction
in an attempt to‘identify‘the carbides which were precipitated
‘during the tempering of l2, high-carbon M2, vanadium-free 2
and M1 high sreed steels, Her résults showed that in all
the steels which contained vanadium, the partly coherent
carbide HMC, which precipitated from the martehsite.at a temp-
erature of approximately 55OOC, was responsible‘fof secondary
hardéning. The»precipitatedAMC particles.causéd a lattice
strain which was diminished at higher temperingltemberatures
by'their loss of coherence. / ‘

In these alloys there was a considerable amount of
precipitation of M2306 and M6C at tempering temperatures !

between 600 and 650°C.  Both these carbides tended tovcoagulate

rapidly and thus caused & marked déterioration in hardness.
The hexagonal carbide, M20, was'present as a fine precipitafe
in steels which had been tempered at 65000. This carbide was
found to bé unstable in ferrite and probably formed in aresas
of retained austeﬁite,

The seccndary hardening preciritate was aigoAMC in the
steels with high éarhon contents (1.26 and 1.51 wi. %).
Increasing the carbon leVgl of 12 head the'effect of'eXtending
the temperature range over which If

2
occurred. 4As a result of this, the precipitation temperature

5Cg and M.C precipitation

range of MC was narrowed and thereby caused more marked softening
of these two alloys with incfeasing tempering temperature than
was the case for normal 12 high speed steel. The carbide

M20 could not be identified in the temperéture range where
secondary hardening took place in these alloys.

The steel which was .free of vanadium did exhibit a small

amount of secondary hardening. Somewh&et surprisingly the



secondary hardening precipitate was found to be M2306 and
not M,C. Colombier and L&veque (79) pag obtained electron
diffrection patterns from W,C particles which had precipitated
in the temperature range 550 to 600°C, in a sample of T4 highf
speed steel which was free of vanadium. They attributed
secondary hardening to the precipitation of this carbide.
Horn, however, could find no evidence of Mzc precipitation
in the secondary hardening temperature range, in all the alloys
that she investigated.

‘ Further evidence that VLLC3 is the secondary hardening
precipitate in high speed steels has been presented by Bungardt,

(80) The former

. Haberling, Rose and Weigand (12) and Kunze.
‘felt that to obtain the optimum secondary hardening response,
the tempering treatment should be stepped. Kunze showed that
tempering at temperatures beyond 600°C caused the carbides
MQC and M6C to precipiﬁate, with a marked decrease in hardness
of the alloy.

A very interesting theory was presented by Kupalova,

(81)

Baykov and Kabayev concerning the mechanism of vanadium
rarbide precipitation during the- tempering of high speed steels.,
Their research concerned two alloys which had compositions
identical with the martensitic matrix phases of SW9 and M2
high speed steels, in the as-hardened condition. The
analyses were as follows:- 0.50 and O;u1 carbon, 7.12 and
3.36 tungsten, 3.88 and 3.25 chromium, O and 2.35 molybdenum
and 1.0 and 1.11 wt. % vanadium for SW9 and M2 respectively.

The steels were austenisised at 12uO°C for 15 minutes in
order to dissolve all the carbides that were present. Samples

were then tempered at temperatures between 380 and 860°C,for

times varying from 5 minutes to 8 hours. Precipitated carbide



particles were electrolytically extracted and the resultant
residue subjected to X-ray diffraction analysis.

The first carbide to precipitate on tempering was MBC’
with Mzc, MC, M.,C3 (M23G6) and M6C forming at temperatures up
to 700°C. This is in good agreement with the precipitated

(82)

‘phases found by Sato, Nishizava and Murai- when working on

similar alloys. However, these workers identified the carbide

(81)

M were

20 as being WQC, whilst Kupalova, Baykov and Kabayev
of the opinion that this was actually VZC‘

Only very weak lines were obtained for this carbide on
X-ray powder photograrhs. Chemical analysis, however, of
the total carbide precipitate, which had been extracted from

samples tempered at temperatures where M.,C was known to preci-

2
pitate, revealed that this phase was richer in vanadium than
tungsten. -

Shonberg (83)’had determined the phases present in the
binary vanadium-carbon system. He found the following

transformations taking place with increasing carbon content.

V—>V + VQC-%VZC—-—)VQC + VC—> VC.

Kupalova, Baykov and Kabayev were of the opiﬁion that the
vanadium atoms dissolved in the martensitic matrix of high speed
steels, undergo these reactions during tempering. They developed
the following equations for carbide precipitation during the
tempering of high speed steels between 550 and 800°C:~

VZC—aV'C + VC + Cr_C=—>>V_C + VC + Cr_C

5 293 5 %3 + M6C-)Cr C +MéC+VC-)VC +

773
M6C.
Their opinion was that secondary hardening in these alloys
was due to vanadium carbide precipitation. The major hardening
contribution was from the formation of the relatively unstable

carbide VZC’ which later transformed to VC.



There hazs been no subsequent research to support the
interesting theory of these workers., The X-ray powder
vtechnique for the identification of fine precipitated particles
is not as sensitive &s electron diffraction from thin foil
samrles. IFrecipitated carbides are only detected by X-ray
means after tempering at temperatures well in excess of those

a2t which they are originalily formed.

2¢241 The Influence of Cobalt on the Secondary Hardening
of High Speed Steels

(8L4)

mver since the early work of French and Digges,
there has been & considerable amount of interest shown in
the effect of cobalt in high speed steels. Their results
showed that addition of cobalt improved the cutting properties
of these alloys, ailowing increased speeds to be employed
during machining.

Gudtsov and Gelfand ‘©) and Zminorski (86) found tnat
additions of cobalt improved the secondary hafdening response
and hot hardness of high speed steels. Cobalt appeared to
have the effect of moving the eutectic reaction to higher
temperatures in these steels. This allowed increased auste-
nitisation temperatures to be used with resultant improvement
in the degree of carbide solution. They felt that this
increase in the alloy content of the matrix gave a marked
improvement in'the amnount df precipitation taking place during
the tempering of high spéed steels, thereby resulting in
superior secondary hardening resvonse and hot hardness.

More recent research, however, has shown the theories of
Gudtsov and Gelfand to be incorrect. Gulyaev and Kuralova (§7)
and Mazur, Krawiarz and Kaliszewski (86) demonstrated that

the effect of cobalt in improving the secondary hardening and



- - T

hot hardness of high speed steels was due to three factors.
This element reinforced interatomic bonds within the
martensitic matrix and also reduced grain boundary energy.
Finally cobalt was shown to reduce the diffusional mobility

of atoms in the martensite solid solution. This last factor
had the major effect in improving the hot hardness of these
allcyse. Cobalt created a reteardation in the rate of softening
of martensite and Caused precipitates to both form,'and not
overage except at higher temperatures.

o :
(89) stated that cobalt gave an intensifica-

Fopandopulo
tion to precipitation hardening mechanisms in high speed steels.
The resultant improvement in secondary hardness, caused by
the addition of 15 wﬁ. % cobalt, increased two to threefold
the wear resistance, thermsl éonductivity and cutting ability
of these steels.

The other important effect cobzlt has in high speed steels
is the introduction of & fifth stage of tempering. Chandok,
Eirth and Dulis, (°°7 williams (9') ang Rousseau (92) a11
showed that precipitation of the intermetallic compound,

Co took place on tempering these alloys at temperatures

776
of approximately 650°C. This precipitation greatly retarded
the softening of these steels at high tempering temperatures.
Rousseau, however, only found that the fifth stage of tempering
tookrplace in high speed steels containing above 10 wt. %

cobalt.,



243 The Importance of the Carbon :Vanadium Ratio in High
Speed Steels

The classical research on the significance of the carbon :
vanadium ratio in high speed steels was undertaken by Blickwede,

Cohen and Roberts.‘(93)

They used the base composition of M2
high speéd steel (i.e. 6 tungsten, 5 molybdenum and L4 wt. %
chromium), and altered the vanadium contents incrementally from
O to 10 wt. % at carbon levels which ranged from 0.1 to 2.5 wt.%.
A differential etching technique was developed to allow the
various carbides to be identified. Carbides were also elect-
rolytically extracted and the resultant residue subjected to
X-ray powder analysis. |
Their results showed that five different phase fields

existed over the range of carbon : vanadium ratios employed
in these alloys, in the annealed condition. These are shown
in. FIG. 10 and can be listed as follows:-

1. MC + M R2. (MBR

3

2. M6C + MC + M:3R20

5 is an intermetallic compound

3. M6C + M332°
)-L. M6C
5. M6C + M23 6°

+

MC + M2306'

. These phase regions are listed in order of increasing
carbon : vanadium ratios of the steels. The phase field
M6C + M3R2 is difficult to classify, as this only occurs in
those alloys with very low carbon and vanadium contents.
Their results showed that the primary carbide M6C was present
in al; the alloys, whilst MC was only absent in those with very
low vanadium levels. It should be mentioned here that the

~carbon : vanadium ratio which is generally employed in high

speed steels is such as to produce the fourth phase region



(i.c. M6C + MC + M2306) listed above.
The intermetallic compound, which was found to be present

in some of the steels, was given the formula M3R2. However;

subsequent research by Goldschmidt (42) has shown this compoun

to have a formula M7R6. The presence of the intermetallic

compound or the carbide, M2306’ in high speed steels in the
annealed condition, was governed by the carbon : vanadium ratio

of the particular alloy. Formation of M2306 in preference to

the intermetallic compound was favoured by a high carbon
vanadium ratio , whilét the converse held for the existence of

1

LBRZ'
carbide, M703
with high carbon contents, and Steven, Nehrenberg and Philip

(8)

Blickwede, Cohen and Roberts make no mention of the
. being present rather than M2306’ in these steels

(7)

and Mukherjee are very critical of this fact.

The five constitutional zones present in the annealed
steels split into eight regions after austenitisation at
temperatures between 930 and 126000, as illﬁstrated in FIG. 11.
Four of these fields corresponded to compositions which remained

ferritic even up to 126000, but differe& in the nature of the

excess phases as follows:-

o
1. & + MC (+ M3R2 below 1090 C)

2. o¢ + M + MC (+ MR, below 1090°¢)

+

3

3. o& + MC (+ MzR, below 1090°C)

3
L. o + M,C o+ MC

On the low vanadium, high carbon side of the last phaée
field above (i.e.o¢+ M6C + MC), the matrix of the alloys btecame
partially austenitic:-

5. o< + MC + MC (+Y¥ above 1150°¢C)



The remaining three regions contained compositions whose
matrices were fully austenitic at temperatures above 93000,
but in two of the cases J: ferrite appeared during austeniti-

sation:-
r o}
6. ¥ + MgC + MC (+ M,5Cg below 1090°C)
7. ¥ + NG+ MC (+ My;C, below 1150°C +d above 1090°C)

8. ¥ + MG (+ M,;C. below 1150°C +d above 1035°C)

23

FromAthese results Blickwede, Cohen and Roberts cdetermined
that the compositions of high speed steels should be such that
the phases in region 6 above were present during austenitisation.
A1loys of this composition could be readily austenitised and
were capable of attaining high hardness values after subseguent
guenching.

The full importance of the carbon : vanadium ratio in
high speed steels was shown by these authors in FIG. 12. Within
the triangle exist ratios which given potentially useful high.
speed steels. Compositions to the right of the triangle (i.e.
low ratios) give alloys which are not guench hardenable, owing
to ferrite being present, even at high temperatures. - This is
due to the strong ferrite stabilising effect of vanadium.

Therefore, the necessity of raising the carbon content by
approximately 0.25 wt. ¢ for each 1 wt. % additional vanadium,
over a base composition of 0.55 carbon and 1.0 wt. % vanadium
in M2 high speed steel is clearly illustrated. Higher ratios
gave increasing amounts of retained austenite. Carbon levels
in excess of 1.7 wt. % meant the steel was impossible to forge.

Ls a result of this important work by Blickwede, Cohen

and Roberts, the supér high speed steels were developed.



These can be classed as having carbon and vahadium contents

in excess of 1.25 and 3.0 wt. % respectively (ML, Ti5 and -

M15). The super high speed steels have excellent wear
resistance owing to the large quantity of vanadium carbide.
presént and are very difficult to grind in the hardened and
tempered condition. A good deal of research has been carried
out on the development of these alloys; the most important of
which was by iortier, °*) Elsen E., Elsen G. and Markworth, ' 92
(se) (97)

Zaitsev, Rogovtsev and Doronin and Mortier.

Kinzel and Burgess (98) also showed that increased
vanadium levels in high speed steels must be accompanied by
rises in carbon contents if the alloys were to remain guench
hardenable. They used steels of base composition 0.80 carbon,
17.3 tungsten and 4.1 wt. % chromium, with variations in
vanadium levels between O and 410 wt. %. Results showed that
vanadium contents in excess of 2.5 wt. % caused a mearked dete-
rioration in as-quenched hardness of the alloys (FIG. 13).

In fact, the high-vanadium steels, which contained appreciable
gquantities of ferrite, forged in & manner similar to plain
carbon steels. :

Roberts (99) determined the relationship between the
volume fraction of the carbide MC and vanadium content of
li2-base high speed steel, in the as-hardened éondition.
Incressing the vansdium level of this alloy from 2.0 to 6.0
wt. 5 gave a fourfold rise in the volume frsction of MC remain-
ing undissclved after austenitisation at 120500. He stated
the importance of the undissolved KC particles giving high
speed stéels excellent wear resistance. = This is a fact which

(17)

was very much endorsed by Fischer and Kohlhaas, who found



that MC was the hardest carbide present in high speed steels
(TABLE 5), and hence was instrumental in providing their wear
resistance.

Roberts also deduced the importance of dissolving quite
a high proportion of the primary MC carbides during austeniti-
sation, in order to give the steelﬁa high degree of precipitation
hardening during tempering, and hence good hot hardness. The
balance between the proportion of dissolved and undissolved MC
carbides, was therefore, very critical.

The importance of hot hardness of high speed steels was

(100)  ppey showed that the

illustrated by Harder and Grove.
increased cutting ability ofvhigh speed steels with high carbon
and vanadium contents was not only due to their improved wear
resistance. These steels have good hot hardness and this is

a vital factor in their éuperior cutting ability when compared
with other high speed steels. This fact is clearly illustrated
in FIG. 14, with the alloy T15, which contains 5 wt. % of both
vanadium and cobalt haviné higher hot hardness than other high
speed steels, including T6, which has a cobalt content of 12 wt.%
but only 2 wt. % vanadium.

(101) attempted to find the ideal

Weigand and Haberling
carbon : vanadium ratio to give optimum secondary hardening in
M2-base high speed steel. They employed narrow composition
ranges, with carbon contents between 0.8L and 1.04 wt. % and
vanadium levels from 1.53 to 2.18 wt. %. Their results showed
that increased carbon:vanadium ratios led to higher secondary
hardness and better tempering resistance, due to the increassed
carbon content of the steel matrix.

However, a reduction in the vanadium level of the alloy is

connected with a depletion in volume fraction of vanadium carbide.



This means that steels with the same carbon : vanadium ratios
do not necessarily possess identical propertiés.-  Thus, a
higher secondary hardness, gained by & reduction in the
vanadium content is accompanied by a lower wear resistance.
Geller, Ivanov and Kremnev (102) determined the effect
of increased vanadium content on the secondary hardening
response of a high speed steel with basic classification
SV 2C. The vanadium levels ranged between 2.57 and 4.9 wt. %,
and the alloy with'the highest concentration of this element
was most resistant to softening at tempering temperatures up
to EOOOC. However, at temperatures beyond BOOOC, this steel
softened more rapidly than normal high speed steels. In fact,
this steel only gave a low degree of secondary hardening,
owing to the small amount of carbide precipitation that occurred
on tempering between 550 and 600°C. The reason for this was
that the matrix was impoverished in carbon, this element having
reacted with the extra vanadium atoms to form a greater volume
fraction of primary MC, a considerable proportion of which was
not taken into solution during subsequent austenitisation.
Oertel and Grutzner (103) carried out lathe tool cutting
tests with tools of(composition 19 tungsten, 4 chromium and
L wte % vanadium, bﬁt with carbon contents varying from 0.93
to 1.48 wt. %. The results showed that the maximum tool life
was obtained at.a carbon level of 1.25 to 1.30 wt. 5% (FIG. 15).
This carbon content is’in fact used in both T9 and M4 high
speed steels, both of which contain L wt. % vanadium.
An interesting piece of research was undertaken by
Wedell, (104) who set out to develop a low-alloy version of

M2 high speed steel which could be used for the manufacture



of twist drills. The basis of his idea was cost saving in
alloy additions. He thought that maxihum secondary harden-
ing response was not being obtained in many high speed steels,
owing to the large amount of carbon which was out of solution.
This element had reacted with vanadium to form carbides.

Wadell termed his new high speed steel as D950, the full
analysis of which is given in TABLE 1. He found that the
carbon : vanadium ratio of the new alloy was very sensitive
and thought this was probably the case for all high speed
steels. The optimum ratio for D950 was 0.86. Reduction
of the ratio to 0.77 caused a marked deterioration in secondary
hardeningand twist drill performance.

Drilling tests showed that D950 gave a similar performance
to M2 high speed steel. The biggest drawback with the new
steel was the, low volume fraction of primary vanadium carbides:
that were present after hardening and tempering. This rendered
the alloy unsuitable for tool applications which were subject'
to excessive wear.

Berry (105) made the point that high carbon : vanadium
ratios in high speed steels could lead to chromium depletion
of the matrix and ensuing deterioration in oxidation resistance.
The surplus carbon would react with more chromium to form
carbides. This fact only applies to steels in the annealed
condition, as both the chromium carbideg; M2306 and M7C3, a?¢

feadily dissolved during austenitisation.



2.4 The Secondary Hardening of Vanadium Steels

The original work on the tempering of vanadium steels

(106)

was undertaken by Houdremont, Bennek and Schrader and
Houdremont, Neumann and Schrader. (107) They felt that the
secondary hardening phenomenon observed in these alloys was
‘due mainly, if not entirely, to the precipitation of the
carbide VC. Their results also showed that vahadium -
carbide had a strong resistance to solution treatment, and
high austenitisation temperatures were required to obtain
the maximum secondary hardening effect.

Koch and Wiester (108)

employed the technique of chemical
analysis of electrolytically extracted carbide residues from
vanadium steels in the hardened.and tempered condition.
Cementite was the only carbide precipitated at temperatures
up>to, and including 500°C. Secondary hardening took place
in the alloys tempered between 500 and 55000, and this was
associated with vanadium carbide precipitation. Analysis

of the extracted residue from a steel tempered at 550°C
compared with another at 500°C, showed a decrease in iron
content from 73 to 21 wt. %, with a corresponding increase in
vanadium from 9 to 67 wt. %. However, cementite did not
disappear completely until a tempering temperature of 700°C
was employed.

VKuo (109) found veiy ﬁronounced secondary hardening on
tempering a steel of composition 0.32 carbon and 1.36 wt. %
vanadium at temperatures of between 500 and 600°C. He
carried out transmission electron miéroscopy on extracted
carbon replicas from the tempered alloys. The only carbide

which had precipitated at temperatures up to u50°C was

cementite, and this was of approximately the same shape and



size s that which would have formed in & plain carbon steel
after a corresronding treatment. Therefore, he concluded
that the pronounced resistance to softening imparted to steels
by vanadium was not due to the effect of this element on the
growth rate of cementite.

Tempering this alloy &t 52500 caused minute threasds of
VC to arpear, and the quantity of these increased without
any appreciable growth up to a temperature of 6OOOC. Within
this temperature range the volume fraction of cementite
diminished, until this phase went completely into solution
after temrering at 65000. This is in good agreement with
the finding of Koch &and Wies£er. (108) Further increase
in tempering temperature from 650 to 75000 caused the VC
threads to grow into needles, discs and srheroids respectively.
Even after tempering the steel at 750°C for 1 hour, the VC

o
particles were still smaller than 500%4.

(110) compared the secondary harden-

Seal and Honeycombe
ing response between a steel conﬁaining chromium and another
with vanadium. The carbon content of both these commercial
purity steels was 0.22 wt. %, whilst one contained 9.1 wt. %
chromium and the other 1.0 wt. % vanadium. Samples of the
two alloys were hardened and then tempered at temperatures
between 100 and 7OOOC for varying times.

The steel which contained chromium resisted softening
very well at temperatures up to 5OOOC (FI1G. 16). However,
temrering at temperatures beyond this caused a rapid reduction
in hardness of the alloy. Hardness feadings on the vanadium
steel revealed that this was softer at low tempering tempera-

tures than its counterpart containing chromium. Tempering

the vanadium steel between 550 and 600°C caused a marked



secondary hardening peak to occur (FIG. 17), and this alloy
resisted softening at temperatures in excess of 600°C to a
far greater extent than that containing chromium.

The only precipitate obtained on tempering the vanadium
steel at temperatures between 250 and 500°C was cementite.
Electron microscopic examination showed that the marked
softening of the alloy in this temperature range coincided
with an increase in the size of the cementite particles.
Tempering at 550°C for 1 hour caused much of the cementite
to redissolve and to be replaced‘by a nebulous precipitate,
which was identified by electron diffraction as being VMCB'
This corresponded with a sharp rise in hardness of the alloy.
The precipitated vanadium carbide particles were in the form
of rodlets, approximaiely QOZ wide and 50 to 100 X long,
after tempering for 100 hrs. at 550 °c. These particles
became spheroidal (100 to 200 A diameter) when the hardness
peak was exceeded. This is in good agreement with the results
of Kuo. (109)

In a slightly more recent piece of research, Seal and
Honeycombe (111) demonstrated that a steel which contained
0.23 carbon and 0.97 wt. % vanadium gave appreciably more
secondary hardening than an alloy with this same carbon content
but with 0.99 wt. % molybdenum. Tempering the vanadium steel
at 600°C caused an increase in hardness of S0 HV/20 compared
with that obtainedvafter tempering at 50000, whilst the
corresponding value was only 15 HV/20 for the alloy which
contained molybdenume.

The original work on the determination of the orientation

relationship between precipitated thj particles and the



ferrite matrix was undertaken by Baoker and Kutting. (112)

Their results showed the following relationship:-
{100}y or7 {100}
Koy oy L1105,
L™3 -

Blectron diffraction patterns of the precipitated
particles‘showed arcing, and this suggested Widmanstatten
precipitation of the carbidesc

Smith (143 confirmed the orientation relationship
determired by Baker and Nutting.(112> He also found by
electron microscopy the presence of sméll rarallel streaks
within the grains of thin foils of a vanadium (1 wt. %) steel

with low carbon content (0.2 wt. %), after tempering at 600°C

7

for 30 minutes. These were similar to the zones found in
(11L)

o4

aluminiﬁm - L wt. § copper z2lloys by Nicholsqn and Nutting,
with the excerption that the streaks in the steel were connected
by the network of dislocationse.

Nicholson and Nutting found that, as a result of the

formation of Guinier - Freston ’] zones on ageing an aluminium -

U pomm——

L wt. % copper alloy, coherent straining of ithe lattice could
0
occur for a distance of approximately 200 A around the precipi-

tates. Bgker and Nutting (112>

noticed an unusual etching
effect a2t the interface of coherent\precipitates of VMCB during
early stages of precipitation. The size of lhese etched

, o
“regions was 300 to 500 A, and appeared to represent the strain
fields around the precipitated particlese.
ilore recent research by Hornbogen (115> (116) (117)
rroved beyond all doubt that Guinier - Preston zones can form
in bedy centred cublcet —iron. Ee found the presence of these

zones in high purity iron-melyodenum, iron-coprer and iron-



gold alloys. The other aspect of this work was to determine
whether there was a relationship between the number of
vacancies in the iron lattice and the rate of formation of

the zones.

+

In earlier work on an aluminium - 4 wt. % copper alloy,
the rate of clustering of copper atoms was compared with the

AY 0 N
estimated surersaturation of vacancies by Sorbo, Treaftis’

(118)

- - . 116 . ., : .
and Turnbuill, Silcock (119) and Chiou, Herman and

A relstionship was fcund to exist between the

supersaturation of vacancies and the rate of fermaticn of
the zones. It was assumed that, after cuenching {fron a
temperature T2, the diffusion coefficient Dc at the tempera-

ture of ageing T, could Te derived by multiplication of the

(I
normal diffusicn coefficient DT1 by the ratio of the actual

number of vacancies to the equilibrium number:-

= - - ) = —'Q L] ."“’) T.
D, =D, exp.( -U,\ exp.f -U.\=D, exp.(§$d> Cpp «-EQN. 2

RT1 R 5 1 CT1
where Q = Activation energy for diffusion.

U, = Energy of formation of a vacancy,

f
U, = Energy of motion of an atomn,
C =

Concentration of vacancies, and is calculsted
aprroximately from:-

Co =n_ = exp. [ -U_\....BEQUATTON 3.

T v T
I : kT
hv = Number of vacancies.

=,
]

Total number of atoms.

. c- :
The results of the work by Hornbogen (11)) on iron -
20 wt. % molybdenum showed there vas definitely a relationship

between the quantity of vacancies in the parent metal and



the rate of formation of solute zones. He cmployed the
theory of thermal vacancies and the assumption that:-

U,.22 § = 30,000 cal,/mole ... .LQUATION 4

‘ The supersaturation of wvacancies was, therefore:-

Cr.P = 10 l*#/ occtvea;ce.f“ql[-ll"TToi\T 5

o)
Yhere T = Apeing temﬂera ure = 500°C.

. X ‘ O,
T,, = Sclution treatlng temperatore = 4LL0O7C.,

Vacencies created sites for zone formsation and super-
saturation of vacsncies enhanced the diffusion rates of the
atoms. Hornbtogsen considered the case of a molybdenun &tcm

ring~shaped zone,

[\

migrating to the dis catLon ring Lo form
The diffusion coeéfficient for this was deterained from the
equation:-

D L’ - .I..lo#iﬁ.::rgtj"/ IC/ 6

Where x = Average distance travelied by & molybdenum atcn.

t

"
13
1..1.
o

for half completion of zone formation.

. . . o
He determined that, for an ageing temperature of 500 C,
)
<

-1 6 . - - R
Dexp = 0.3 x 10 1 cn®/sec. This value was well within

the expected range for normal diffusion of substitutional

O

. . N . .- ,
solutes in alpha iron atv 5C0°C. From an esiimetion of the

-3

superszturation of vacancies and substitution in FEQUATICN 2
s

the diffusion coefficient of melybdenum atoms in alpha iron

4 oo
(Dc) was found to be 1071 cn“/ sec.

Thersfore, the overall rrocess of clustering in an alpha
iron-molytdenum solid socolution could be aescrited &s taglng

nlace over four definite sters. The first of these was the

segregetion of vacancies, that dltlm tely collapsed



into dislocation rings on (100) planes. This was followed
by the diffusion of soclute atoms to these dislocaticn rings.
The formation of ring-sharped clusters of mclybdenum atoms
then took rlace on dislocations, and these grew into discs.
Zone growth was mainly by normal diffusion. Finzlly the
zones lost rartial coherency with the matrix, thereby causing
two body centred cubic lattices to coexist.

Smith and Nutting (121) suggested tﬁe possibility of
vanadium enriched zones forming prior to the preciritation
of‘VbrC5 during the tempering of vanadium steels. They
likened these to the Guinier - Preston [ﬂ zones formed in
the ageing of aluminium - 4 wt. % copper &lloys. However,
although they felt that the presence of the zones helped to
reduce the rate of softening of these steels &t temperatures
up to 5OOOC, secondary hardening was due to the precipitation
of quE in the ferrite matrix.

In more réqent research, definite confirmation was .
given by Irani and Honeycombe, (122) (123) Honeycombe (12L)

(125)

and Speirs, Roberts, Grieveson and Jack of the presence

of solute-rich zones in vanadium steéls, the zones being

rich in vanadium and cerbon atoms. Irani and Honeycombe (123
compared the nature of zone formation in two steels, both
containing 0.2 wt. % carbon, but one having 4 wt. % molybdenum
and the other 1 wt. % vanadium. The alloys were solution
treated at 125000, subseguently quenched and then tempered

at temperatures between 500 and 70000.

Zones formed in both alloys prior to the precipitation

of either MO2C or V,C.. Diffraction patterns taken from



solute-rich zones in the molybdenum steel contained spots
which were distorted into 'streaks'. These two-dimensional
zones had the effect of exranding the iron lattice locally
along the {100) directions.

However, the zones which formed in the vanadium steel
~were spherical in shape. These could not be detected from
electron diffraction patterns, as their three-dimensional
form ruled out the diffraction 'streaks' observed in the
molybdenum steel. The contrast in the shapes of the
'molybdenum and vanadium zones could be explained fromAa
consideration of the relative misfit of the two étoms in the
iron lattice. Molybdenum has a larger atomic diameter than
vanadium, and so atoms of the former cause a greater misfit
(10.2%) in the iron lattice than those of the latter (6.7%).
This meant that molybdenum atoms created a more pronounced
local expansion of the iron matrix lattice and so were
capable of forming only two-dimensional zones,‘whilst vanadium
was able to form three-dimensional spherical zones.

The determination of the presence of solute~rich zones
in molybdenum and vanadium steels offered enlightenment on
the secondary hardening mechanism taking place. Correlation
of hardness results and structures obtained by electron
microscopy revealed that the initial rise to peak hardness
coincided with the formation of solute-rich zones in the
iron matrix, and was not due to precipitation of alloy

(111)

carbides as suggested by Seal and Honeycombe and Smith

and Nutting. (1217
Irani and Honeycombe, therefore, were of the opinion
that secondary hardening of molybdenum and vanadium steels

was due to the preprecipitation process of sclute zone



formation, &nd the effects due to coherent carbide preci-
ritation were prevalent at higher temrering temperatures.
They observed that when coherent precirpitation of either
MO2C or Vu05 took placé the hardness deteriorated, although
still remaining well in excess of the corresponding value
of the as-guenched alloy.

This confirmed that the precipitated carbides strengthened
the matrix, but were not as effective in this respect as
the solute;rich ZONES. Tempering between 650 and 7OOOC
caused a further decrease in hardness of both steels, -due
to the preciritated carbides coarsening and eventually
becoming incoherent with the ircn matrix.

(126)

Ustinovshchikov, Kovenskiy and Vlasov undertcok
research on the precipitation of certain carbides in alloy
steels using X-ray diffraction and electron microscopy
techniques. The steels employed contained in each cese
only one alloyingbaddition, namely chromium, molybdenum or
vanadium, &and had carbon contents ranging between 0.1L and
0.33 wt. %.

These authors found that prior to alloy carbide
precipitation on tempering, short range ordering or separa-
tion of substitutional so0lid solutions occurred. Regions
enriched with the alloying element, which result from ordering
slowly change into mixed zones of carbide and subétitutional |
atoms of the G.F. -~ zone type. Cementite is formed in
regions denuded of alloying element, and later in the
tempering cycle this phese is either completely or partially
dissolved, with the carbon atoms diffusing through the solid
solution to the G.F. zones. This results in saturation of

the zones and transformation into alloy carbides.



From these findings, three reasons were presented for
the secondary hardening of alloy steels. The first was
the presence of carbon in the solid solution, particularly
during dissolution of cementite. Other factors were the
formation of a band structure énd increase in coherent stresses
at the carbide/matrix interface.

Tekin and Kelly, (127) however, could find no evidence
of solute zone formation during the tempering of two vanadium
steels. The full analyses of these alloys were not given,
but one was of high‘purity, containing 0.1 carbon and 0.5 wt%_
vanadium, whilst the other was a commercial steel with 0.2
carbon and 1.0 wt. % vanadium. These alloys both exhibited
marked secondary hardening on tempering between 540 and 6OOOC.
This was particularly the case for the steel with higher
vanadium content, which had a secondary hardening peak of
80 HV/10.

At low tempering temperatures, the two vanadium steels
tempered in & manner very similar to plain carbon steels.
Cementite was observed to persist as laths on {110}“ in the
vanadium steels at temperatures up to SOOOC. However,
precipitation of thj occurred on dislocations at tempering
temperatures well below that required for peak hardness.

There was a spread in the orientation of the precipitates of
3 to 5°, giving rise to arced'VuC3 reflections on electron
diffraction patterns. Long term tempering was required for
VuCB'precipitation to occur at low temperatures, an example
of this being 15 hours at 450°C.

Higher tempering temperatures caused the VLLC3 particles

to grow as plates on {BOQL‘planes out into the matrix, thereby



losing their variation in orientation and closely obeying
the relaticnship propcesed by Baker and Nutting. (112)
Tempering at a temperature close to that necessary to_give
peak hardness cauéed VMCE particles to nucleate homogéneously
in the matrix 2s well as on dislocations. These precipitates
again formed on {1OO}M.

At no stage of the tempering rrocess vere vanadium- -
rich zoneS’obsérved, as suggested by Irani and Honeycombe (123)
and Honeycombe. (12L) Tekin and Xelly were of the opinion
that secondary hardening in vanadium steels was due o the
lattice straining of the matrix caused by VMCB precipitation
and also to the locking of dislocations by these particles.
They claimed that the rapid softening which took place at
tempefing temperatures in excess of 62000 was & result of
the precipitated VMCB becoming less effective in locking
dislocations.

The microstructural changes which took place at various
tempering témperatures were virtually identical for both the
commercial and high purity vanadium steels. However, &s
would be expected, a greater guantity of VbrC3 was preciritated
between 540 and 6OOOC in the alloy with higher carbon and
vanadium contents, thereby causing this steel to secondary
harden to a greater degree. It was very surprising that
these authors used alloys of differing composition to compare
secondary hardening in commercial and high purity vanadium
steels. They did employ the same carbon : vanadium ratio,
but this does not guarantee identical prorerties, as Livshits

128 o : - ]
(128) determined for vanadium steels, hilst

(101)

and Shcherbakova

Weigand and Haberling did likewise for high speed steels.



o . ,
(129) showed that secondary hardening

Nishida and Tanino
occurred in vanadium steels with a carbon content of 0.17 wt.%,
when in excess of 0.1 wt. % vanadium was present. Béyond
this content, the amount of secondary hardening was approxi-
mately proportional to the vanadium level of the alloy. The
anset of secbndary hardening coincided with the precipitation
of fine particles of VLLC5 along dislocation lines and on
tangled dislocation nodes within the matrix.

Isizuka (130) evaluated the secondary hardening response
in a series of vanadium steels, with carbon contents ranging
from 0.30 to 1.0 wt. % and vanadium between O.L4 and 2;9 wtePe
The alloys were of commercial purity, and contained small
amounts of chromium, nickel, copper and molybdenum. He
employed very high solution treatment temperatures for the
high~vanadium steels (.eg.: 13500C) in order to take into
solution & high proportion of the primary vanadium carbide.-
Hardness tests on the alloys in the as-quenched conditicn
revealed that hardness rose slightly with incresse in vanadium
content, due to solid solution hardening.

All the steels exhibited secondary hardening on tempering
‘between 550 and 6OOOC, this being most marked in those which
contained in excess of 1 wt. % vanadium. However, this peak
was moved to slightly lower tempering temperatures in the
élloys with highest vanadium content (i.e. 2.9 wt. %).

Some of the high-vanadium steels had hardness values in excess
of 60 HRC after being tempered at temperatures necessary to
give optimum secondary hardening.

Aoki and Tanino (131) found that the addition of 0.4 wt.%

vanadium to a low-carbon steel caused secondary hardening to



occur on tempering. The maximum effect was obtained

after tempering at 62500 for 1 hour. Extremely fine
rarticles of V)G (less than 50 Z in diameter) were
precipitated along dislocation lines and on tangled disloca-
tion nodes at the temperature necessary to give the onset

of secondary hardening. The increase in internal stress

due to the precipitation of these fine coherent VMC3 particles
was thought to be the reason for secondary hardening.

Goldshteyn (132) also determined that only very small
amounts of vanadium were required to give secondary harden-
ing in steels., This hardening was due to the precipitation
of VC, which in turn was not associated with the formation
and dissociation of cementitef Very little vanadium was
found'to be dissolved in the cementite.

Goldshteyn and Farber (133) showed that the formation
of precipitateé of VC was proceeded by the segregation of
vanadium and cérbon atoms at crystal structure defects, as
a result of tempering between 350 and hSOOC. The first
precipitates of VC were observed by transmission electron
microscopy t@n thin foils which had been tempered at 5OOOC
for 2 hours. These were formed mainly on dislocations and
were in the form of plates, 15 to 30 Z thick, and 100 to
200 Z long. . The particles were formed independently of
cementite, and this is in agreement with the earlier work>
of Goldshteyn. (132) This was confirmed by observing that
VC had been readily precipitated in a steel with a veryllow
carbon : vanadium ratio, whilst very little cementite had
formed on temperinge.

These workers found that secondary hardening occurred



during the tempering of a range of vanadium steels, and

they attempted to relate this with the mutual arrangement

of vanadium carbide and ferritic iron lattices (FIG. 18).
This allowed a calculation to be madé of the incompatibility
between these two phases from a knowledge of the condition
of conservation of coherence. The latter condition was

at & minimum in the directions <1107 ;5 and <100 « -Fe,
whereby:-

o o 0 :
d <110> vVC - d <100>““F€ = 2¢95A - 2086A = OoO9A .oEQN.?

The maximum condition for the conservation of coherence

was in the directions {100 y, and {100p » whereby:-—

€ ~F'e

o] (o} o

d ¢100) Ve <100) «-Fe
Thls was from employlng the accepted values of 2 -Fe =
2. 86A and ays = L. 17A
Therefore, it can be taken that if there is a lattice
incompatibility of up to 1 interplanar distance, the
precipitated particles will be coherent with the matrix and

no dislocations will form on their interface. Such a lattice

incompatibility would occur in <1iO>VC directions with a

0
partlcle size of g gg = 31.77 unit cells or 2.954 X 31.77 =
93.72 A and in <1 oo) directions for -12-'78? = 2.18 unit cells

or L.17 A X 2.18 = 9. O9A The conclusion from this is that
coherent prec1pitates of vanadium carbide in ferritic iron'
will be in the form of plates, with a length : thickness
ratio of approximately 10:1. . This was close to the ratio
that Goldshteyn and Farber determined practically, by means
of transmission electron microscopy for the size of the

first veanadium carbide. particles to precipitate on tempering.



Friedel (134) attempted to ascertain the conditions
under which a precipitated particle loses coherency with
the matrix. He assumed that the originally coherent
precipitate became non-coherent when it had grown to a size
necessary to make the elastic energy, that arose from the
difference in the atomic volumes of matrix and precipitate,
exceed the value of the surface energy x. This allowed

him to derive‘the following relationship:-

rc -— M ® s 000 EQUATION 9
2
IV
Critical radius of the particle necessary
to retain coherency with the matrix.

Where IE

Surface energy at the interface between the
precipitate and matrix.

1

d - Difference in lattice parameters of the precipitate
and matrixe.

/V = Modulus of elasticity in shear of the matrix.

The vaiue of the surface energy at the interface between
the preéipitate and matrix can be determined from the
relationship:-

¥ = 0.03/,' ' ......EQUATION 10
Where /U,= Modulus of elasticity in shear of the precipitate.

“b' = Burgers vector of the particle.

Kelly and Nicholson (135) showed that the stress
necessary for the deformation of a particle'could be
determined approximately by a comparison of the work done
by the applied stress during the movement of' the particle
over a distance egual to its‘diameter with the work equal
to the surface energy. From a basis of this assumption,

they derived an equation involving the maximum radius of a

particle (rc) about to be deformed:-



e s 000 n-‘(\." TIOI\I 11 ©
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Where /u = Modulus of elasticity in shear of the matrix.

b = Burgers vector of the matrix.
¥ = Surface energy at the interface between the
precipitate and matrix.

(136)

Prnka suoetltuted practically deuermlned values

into these equations in order to calculate the coharenc

requirement for th" particles in & ferrite matrix. He
!
obtained values of T = 70A using Equations 9 and 10 as
)
and 106A from Bguation 11 by Kelly

—~~
-
\.:4
=
o

derived by Fridel,
o) (135) _ . : .
and Nicholson, and clearly these results are in quite
good agreenent. This meant that when Vu03~precipitated
o) ' :
particles exceed between 70 and 105~: in diameter they lose

coherency with the ferrite matrix.

He also employed the orientation relationships determinec

3
(112) 27

-\

Y {
and verified by Tekin &nd Kelly °

(137)

by Baker and Nutting
and Raynor, Vhiteman and Honeycombe to ascertain the
size that VMCB particles could grow in certain divections

to retain coherency with the ferrite matrix. The ch3
particles precipitated on (100), and he assumed that loss

of coherency in any arbitrary direction occurred when the-
inconsistency of thé attice exceeded 50% of the 1ntera omic
spacing. On this basis the V}C particles can only gr W

to 1 to 2 elementery units of the Vbr(‘;_3 lattice (L to BA; in
the direction [400] v, G’ wnereupon the energy of deformation
- produced must be Peduésé by the extra plane of ircon atoms,

or in other words by a surfecé dislocation. 'I‘hus,o’\fucfj
particles may reach a maximum thickness of 10 to 204 to

e

retain coherency with the ferrite matrix.



However, in the direction B1Cﬂv c s the particles

L3 o
can grow as much as 25 interatomic spacings (i.e. 734).
o}
This means that VL‘LC__j particles, in excess of 146A in diameter,

will be incoherent with the iron matrix. These results
clearly show the cause of the precipitéted VLLC3 particles
being plate-shaped, and are in excellent agreement with those
of Goldshteyn and Farber. 133)  Practically determined

(127) and Raynor, Whiteman

dimensions by Tekin and Kelly
and Honeycombe (1377 of V,C5 particles which had precipitated
at a temperature required to give optimum secondary harden- |
ing, exhibited good correlation with the calculated values

of Prnka.

Smith (138) found that the peak secondary hardness in
a vanadium steel was obtained after tempering at 600°C for
1 hour. The microstructure of the alloy at this stage
consisted of a fine dispersion of platelets of vanadium
carbide, approximately 100 to 1502 long and 102 thick and
numbering about 10 17/cmj. These platelets were lying in
Q(X% planes of the ferrite and obeyed the orientation
relationship as determined by Baker and Nutting.(112)

He was of the opinion that‘at peak hardness, the
precipitated particles were at the size limit at which they
could retain coherency with the matrix, and the formation
of interfacial dislocations was just commencing. This
would result in maximum interfacial strain. Tempering at
600°C for 100 hours caused the particles to grow and become
too large to be coherent and no dislocations were observed
at the interfaces between the matrix and precipitate. These

o}
particles were spherical, and approximately 500 A in diameter.



In fact the dislocations were held stable by the v, Cs

particles for 50 hours at 600°C, but bgyond this time
the number of particles fell below 101 /cmj, thereby
allowing the dislocations to anneal out.
Smith although not completely ruling out nucleation
on dislocations, held the view that vanadium carbide
nucleated homogeneously in the matrix. This was contrary
to the finding of Tekin and Kelly (127) and Goldshteyn and
Farbver (133) that the nucleation was on dislocations. Smith
found some precipitated particles liﬁed up along dislocations
after tempering the alloy at>600°C, but at this temperature
the dislocations would be mobile. Therefore, in attempting
to move to form sub-boundaries or to anneal out, the dis-
. locations would be held by the growing particles, and the
latter would give the appearance that they had nucleated on
dislocations. Particles nucleated in the matrix would
rapidly be conneéted by dislocations, which in turn could
act as paths of easy diffusion for vanadium and carbon atoms.
However, both Tekin and Kelly and Smith were in agreement
that vanadium carbide nucleation at high tempering temperatures
(650°C and above) was homogeneous within the ferrite matrix.
Nishida and Tanino, ‘132) goldshteyn, ('40) Honeycompe (141
and Darbyshire and Barford (142) all determined that VLLC3
particles were nucleated on dislocations at a témpéring
temperature which corresponded with that required to give
the secondary hardening peak in vanadium steels. The last-
mentioned authors could not accept the view of Tekin and

Kelly (127) and Smith (134) that homogeneous nucleation

occurred at a late stage of a precipitation reaction in a



system which exhibited a marked preference for heteroge-
neous nucleation in the early stages.

Darbyshire and Barford considered that, at high
tempering temperatures, recovery in a matrix of high dis-
location density would be expected to take place. This
process would be hampered by the vanadium carbide particles
during fhé early stages of precipitation, but as ﬁhese
particles coarsened at later stages, would become easier.
Therefore, the dislocations in their new configuration
could nucleate vansdium carbide particles again. This
meant that the measured rate of precipitation was the sum
of that due to the continued growth of the original particleé
(which at this stage may not be associated with dislocations),
and new growth on dislocations in their new configuration.

Whiteman and Keown (143) were of the opinion that alloy
carbides (including Vucj) nucleated on interface dis-
locations at boundaries between cementite and ferrite, as
well as on matrix dislocations, during tempering. The
c8rbides nucleated at these boundaries tended to coarsen
more rapidly than those nucleated on matrix dislocations.

Farber and Belenky (1hh) and Goldshteyn (145) both
showed that vanadium additions caused structu;al steels to
secondary harden markedly. The strengthening effect of
these alloys was due to the interaction of slip dislocations
with the precipitated vanadium carbide particles, which
pinned the dislocations inherited from the martensite. The
latter author found that adding 0.1 wt. % vanadium to these
steels increased their strength by 10 to 20% without impairing

ductility and toughnesse.



“ub) undertook research to determine the

Davenport
cause of the ‘arced' reflections of constant d-spacing in

electron diffraction patterns obtained from hardened and

tempered vanadium steels by Tekin and Kelly (127) and

Smith (13&) The former author duc ; f
1 . uthors deduced that these ref-
3'particles which had nucleated

on dislccations.  Explanation of the 'arcing' was given

lections came from fine VuC
as being due to a misorientation of the precipitate particles
associated with the region near the core of the dislccaticn.

- Davenport showed that the 'arcing' was in fact due to
diffraction from an epitaxial oxide (FGBOM) layer on the
foil surface. He obtained 'arced' reflections in diffraction
patterns taken from vanadium steels which had been tempered
at a temperature btelow that required for vanadium carbide
precipitation. Final verification was given by & dark field
taken using an 'arced' diffraction spot, and this revealed
fine oxide particles.

(147)

Tanino and Sato employed the slip trace method

to determine the volume fraction of precipitated V}_LG:j
particles as 0.184% in a vanadium steel with low carbon
-content, which had béen tempered at a temperature necessary
to give the secondary hardening peak. However, they were

of the opinion that errors could be incurred in this techniquse
by inaccurafe identification of the shape of precipitatés

and in measurement of their size; ipn addition the inclination
of the foil surface was very critical. Another factor was
that the volume fraction or precipitated pafticles tended

to be overestimated by the existence of strain'fields and

dislocations around those particles.
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Hardening of Vanadium Steels

A good deal of intefest h&s been shown in the secondary
hardening responses of chfomium/molybdcnun/Vanadium steels,
as these are employed in many applications wheré good creep
propefties are reguired. Research on these alloys has
often involved the assessment of the effect of one of thase‘
carbide—forming elemen{s on the Qegree of secondary hardeﬁing
of a steel which conitained another carbide~forming eléménta
One such»piecevof work was by Smith and Nuiting, (121>_’
determined the effect of chromium .and molybdenum on the
secondary hardening response of a vanadium cteel. )

They used a base composition of G.2 carbon end 0.7 wt. %
vanadium; and added ih.one case 005 wt. % melybdenum and in
the other‘j.o ﬁt. % chromium. The additicn of molybdenum
caused én-increase'in'as—quenched hardness of 36 V.P.N. when
compared with the steel which only had vanadium as &n alloying
addition. Furthermore, the tempered hérdness of the
vanadium/molybdenum‘steel was between 20 and LO V,P.N.
higher than that of the vanadium steel, after‘a corresponding
treatment.

This caused Smith and Nutting to draw the conclusion
that the effect of molybdenum was in strengthening the
ferrite rather than pfecipitation hardening, In fact there
was no evidence of precipitated mclybdsnum carbide in any |
of the samples, even after tempering at 700 and 750°C.
Vanadium carbide was_preciyitated in the vanadium/molybdenum
steel and the‘nicrostructural chsnges of this alloy on

temvering viere the same ag for the vanadium steel, The



addition of molybdeﬁum, howe&er, meant that the maximum
- secondary hardness was attained at a slightly~shorter
tempering time, thereby suggesting that this element raised
the diffusion rate of vanadium in ferrite. |

Hardness tests on samples of the vanadium/chromium
steel which had been tempered at dlfferlng temperatures
revealed very interesting results. This alloy did not
exhibitVsecondafy harden;ng, unlike the yahadium steel,.but
wes more resistaﬁt to softening on tempering than a chromiunm
steel. | | r

Tempering the‘Vanadium/chromium}steel at'6OOOC caused
;vanadium carbide to precipitate more rapidly than in the
.vaﬁadium steel. Some larger precipitated carbides were
present in the'vanadium/chromium steel-.and these were pfesumed
to. be Cr C.. In fact Shaw and Quaryell»(1u§),had found |

73 _ : }
that both these carbides could co-exist in this tyre of steel.

Seal and Honeycombe (110)

found thaﬁ‘a vanadidh/chromium‘
sﬁeel with the same carbon content as employed by\Smithiand
Nutting, (121) but with higher chromium (9.0 wt. %) and
 vanadium levels (0.97 wt. %), did exhibit a emall degree of
secondary hardening at 560 C. However, reducing the
vanadium content of thls steel to 0.38 wt % meant that the
hardness peak was eliminated. |

- : v C\ -
Crafts and lamont (149)

also carried out reeearch on

a series of vanadiﬁm/chromiuh steels, Wittharbonwcontents'
raﬁging from 0.16 to 0.28 wt.%. = Three leveis of chromium
were used, namely 1.0, 3.0 and_S{Q‘wt.~% whilst_the vanadium
ranged ffom 0 tc 1.05 wt. %.‘ The alloys which contained

3,0 and 5.0 wt. % chromium did not exhibit secondary hardening

on-temrering, irrespective of their vanadium contents.



However, those with a chromium content of 1.0 wt. % showed
secondary hardening peaks at all of the vanadium levels
employed (i.e. 0.29, 0.52 and 1.04 wt. %).

Baker and Nutting (112)

investigated the effect on
secondary hardening of a vanadium/molybdenum steel of
increased molybdenum content, compared to that employed

(121) They used the same base compo-

by Smith and Nutting.
sition as the latter authors (i.e. 0.2 carbon and 0.7 wt.%
vanadium) but increased the molybdenum level to 2.70 wt. %.
This steel had an as-quenched hardness of L15 V.P.N.
and exhibited secondary hardening on tempering. The rveak
hardness was 506 V.F.N. and this occurred after tempering
"at 600°C for 1 hour. This value was slightly higher than

(121) for

the peak hardness determined by Smith and Nutting
the steel with lower molybdenum content (0.5 wt. %).

Tempering the high-molybdenum steel at 600°C for 1 hour
caused the cementite to re-dissolve and vanadium carbide
precipitated out. Long tempering treatments (4100 hours)
at 650°C caused large M6C carbides to form at ferrite
boundaries. These persisted along with VMCB’ even after
tempering for 100 hours at 730°C, as clearly shown in FIG. 19.

The addition of molybdenum to a vanadium steel did not,
therefore, cause the disarpearance of the secondary hardening
peak as was the effect, found by Smith and Nutting, (121)
of chromium addition. At low tempering temperatures,
molybdeﬁum caused solid solution hardening of the ferrite.
However, molybdenum like chromium, incréased the rate of
softening of a vanadium steel at high tempering temperatures.

This could be explained by molybdenum causing an increase

in the diffusion rate of vanadium atoms or by this element



replacing vanadium in the precipitated carbides, thereby
altering the energy at the interface between the precipitated
particles and ferrite. The carbide M60 was precipitated

at high temperatures in the high-molybdenum steel and this
grew raridly, leading to the dissolution of small VMCB
particles and subsequent rapid softening.

Irvine and Pickering (19°) found that the carbon :
vanadium ratio to give optimum secondary hardening in a
steel which also contained 0.5 wt. % molybdenum, was 1 : 3.
Iattice parameter measurements of VACE formed in vanadium/
molybdenum steels of varying vanadium content showed con-
siderable fluctuations with change in vanadium : molybdenum
ratio. They determined that at low vanadium levels, up
to 4O gt. % molybdenum was present in the VMCB particles.

The importance of the carbon : vanadium ratio - on the
degree of secondary hardening in low alloy vanadium/
molyobdenum steels was also mentioned by Crafts and Iamont (151
and Pickering. (152) The latter author found that the
time to give maximum secondary hardeningwas reduced by
increased vanadium content in these steels. He also
determined that the addition of 0.5 wt. % molybdenum to a
series of vansadium steels, with low carbon contents, caused
in some cases, precipitation of M23C6 (i.e. in this case

21
~only formed in steels with vanadium contents of 0.3 wt. %,

Fe MoﬁC6) at high tempering temperatures. This preciritate
-4

or less. Alloys which had in excess of this vanadium level

did not contain any precipitated M 06’ even after tempering

23
at 700°C for 100 hours.
p (153)

Geller, loiseev and Aranovic carried out

research to determine the secondary hardening responses in



had B

a series of vanadium/chromium die steels. These &lloys
had high carbon contents ranging from 1.07 to 1.SC wt. %,
with chromium levels between .2 and 13.1 wt. % and vanadium
from 0.8 to L.3 wt. %. Secondary hardening was only obtained
in one &lloy, and this h&ad the highest carbon, chromium and
vanadium ccntents, whilst the other steels were very resi-
stant to softening on tempering, but not giving & hardness
peak.

Colombier and LévBaue 124) a1so found that the
addition of chromium reduced the secondary hardening response
of a steel which contained vanadium. They obtained marked
secondary hardening in & series of vanadium steels, with
carbon contents ranging from 0.25 to 0.91 wt. % and vanadium
levels from 41.43 to 1.26 wt. %. Peak hardness occurred
after tempering at 6OOOC for 1 hour, and this corresponded
with the dissolution of cementite and precipitation of fine
particles of vanadium carbide. The degree of secondary
hardening was directly related to the vanadium content of
the matrix,

The addition of L.3 wt. % chromium to a steel containing
O.41 carbon and 1.93 wt. % vanadium gave a very slight
secondary hardening peak at a reduced temperature of 56000.
This steel, however, was more resistant to softening over
a wide range of tempefing tempefaturesrthan a steel with
coresponding.carbon and vanadium levels, but without chromium.

These authors also determined that émall additions of
nickel and manganese had little effect on the secondary
hardening response of a vanadium steel. However, Suzucki,

Sato and Tanino (155) found that these elements &id improve



the.degree of secondary hardening in this type of steeil,
with nickel being he more effective.

Biswas and Seal (156) determined the effects of cobalt
additions on the temrering chéracteristicé of certain
vanadium steels. These steels were of commercial purity

and hed carbon contents from 0.45 to 0.52 wt. %, vanadium
levels between C.12 and 0.95 wt. % and cobalt from O to

7.70 wt. %. The addition of cobalt to vanadium steeis
improved the amount of secondary hardening, this being
rarticularly the case in alloys which contained in excess

of 0.8 wt. # vanadium. In such a steel, the addition of
2.60 wt. ¢ cobalt gave an increase in the secondary hardening
peak of 2.5 ERC, but further additon of this element to

7.70 wt. % gave no more improvement in this phenomenon.

There was & difference in the mode of precipitation
of VLLC3 in the vanadium/cobalt and vanadium steels.

Tempering the vanadium steel at 600°C caused V C5 to
precipitate in 'cloud 1like' clusters but these were absent
in the vanadium/cobalt steel. In the latter alloy, the
VuCB particles appeared to nucleate homogeneously in the
matrix.

Cobalt had the very useful effect of increasing the
nucleation rate and retarding the growth rate of both
cementiﬁe and vaﬁadium carbide in the tempering of vanadium
steels. This accounted for the excellent resistance to
softening thet these steels had at high tempering temperature

Cementite was still present in these allcys, even after

tempering for 41 hour &at 650°C.



The addition of small amounts of tantalum and niobium
(0.05 to 0.25 wt. %) to a 1 wt. % vanadium steel with
carbon ccntent of 0.2 wt. %, was shown to improve secondary

(157)

hardening reponse by Seal and Honeycombe. These
additions also had the effects of raising the temrerature
of attainment of peak hardness to 65000 and reducing the
rate of softening at high tempering temperatures.

These authors found that tantalum and niobium entered
into so0lid solution in the vanadium carbide and so caused
lattice expansion and increased coherency stresses, the
result of which was higher peak hardness on tempering.
Explenation of the displecement of the hardness peak to
~higher temperatﬁres wes given by the fact that tantaium and
niobium atoms, in both the ferrite and carbide phases,
retarded the diffusion rate of vanadium atoms in and into
the ferrite. This meant that vanadium carbide nucleated
&t higher tempering temperatures and had a reduced growth
rate, so remaining coherent with the ferrite matrix at
higher temperatﬁres than would be the case for a vanadium
steel.

Transmission electron‘microscopy revealed that
tantalum and niobium carbides both precipitated in steels
which had been tempered at 70000. This was at too high
'a temperature to contribute towards the secondary hardening
reak, but these carbides did help to reduce the rate of
softening of these steels at high tempering temperatures.

Viswanathan and Beck (158) determined that the addition

of aluminium to & low alloy steel which contained chromium,

vanadium and molybdenum gave &an improvement in rupture



strength at 59300. They were of the opinion that the
presence of aluminium in solid solution in this steel had
the effect of Causing increased precipitation of vanadium

carbide during stress rupture tests at 59300.



20 Tre Fartitioning of Iklements in Low Alloy Steels
Containing Vanadium

2.6.1 The Composition of Primary Carbides in Low Allcy
Steels Containing Vanaiiunm

156

Cochnar and Cadek ( )9) determined the com*oultlnn
of the primary carbides present in & steel of composition
0.3 carbecn, 1.5 chromium and 0.15 wt. % vanadiumn. They

electrolytically extracued the carbide €8 ancd subjeclied the
residue to chemical and X-ray analysise. Cementite was -
one of the carbides present and this pontained small amounts
of chfomium and vanadium. Vanadium carbide contained 7.0
wt. % chromium &nd 5.7 wt. % iron, whilst the chromium:
carbide, E_Cy,bad a vanadium content of 6.5 wt. %.

f
Staska, Block and Kulmburg (160)

used the electron
microprobe to analyse the carbides present in a steel of .
composition O.45 carbon, 5.5 chromium and 4.8 wt. % vanadiume
The carbide, MYCB’ had an analysis of L3.1 chromium, G.8&
vanadium, LO.8 iron &nd 6.3 wt. % carbon, whilst the corresp-
onding figures for Vucj,’were L.5, 70.3, 41.2 and 14.0 wi. %.
The carbon contents were determined by totalling the weight
percentages of the other elements and subtracting this value
‘.. 04.
from 100 wte. 7o
(161) . . .

exiraciyiea

o

Cochnar, Zemcikova, Freiwillig‘and Cadek
and analysed vanadium carbides in equilibrium with ferrite.
.The steels they used had carbon contents of 0.30 wt. % and
coﬁtained ;dditions of chrcmium. . These samples were annealed
for lbng periods to attain an eqguilivrium state, this being
Tixed by quenching. The cervide, Vqu, which was in
eoulllbrlum with 1err1te,.conta1ne 79 vanadium, 6 iron and

up to 7 wt. % chromium. They also determined that the



distribution coefficient of vanadiumA(i.e. ratio of the
vanadium concentration in the carbide to that in the ferrite
matrix) decreased with increased vanadium content of the
steel. Similarly the chromium distribution coefficient
decreased with higher levels of vanadium and chromium in

the steel.

2.6.2 The Solubility of Vanadium Carbide During the
Austenitisation of low Alloy Steels Containing
Vanadium

Rakhshtadt, lanskaya, Suleimanov and Katkova (162)

determined the optimqp austenitisation conditions to obtain
complete solution of‘vahadium carbide in a series of
vanadium steels.. These alloys were of commercial purity,
with carbon contents rahging from 0.22 to 0.35 and vanadium
levels 1.20 to 1.74 wt. %. Electricalhrestivity and micro-
hardness measurements were made along with the employmeht 6f
optical microscopy in determining that an austenitisétion
temprerature of between 1130 and 122000, for a soaking time
of 10 minutes, was required to give complete solution of
vanadium carbide in these steels. These conditions are
very similar to those obtained by Gervasev, Vinitskii and
Goldshteyn (163) for complete solution of this carvide in
vanadium steels.

Guterman and Goldshteyn (16L) attempted to determine
the effect on manganese and chromium on the solubility of
vanadium carbide during the austenitisation of commercial
purity vanadium steels. The compositions of these steels

ranged from 0.39 to 0.42 carbon, 0.23 to 1.91 manganese,

0.31 to 0.48 silicon, 0.18 to 1.87 chromium and 0.85 to -



‘2,60 wt. % vanadium. These alloys were austenltlsed at
temperatures between 900 and 1250 C followed by quenchlng
'1nto water.

The carbides were electrolytically extracted and the
residue was subsequently analysed by chemical means.
Comparlson of ‘the analy81s of the extracted carbide phase
with the full analy51s of the partlcular steel allowed theése
authors to calculate the content of the matrix. . |

Vanadium Carolde.was shown. toAbe very resistant to
solutlon during austenltlsatlon, and even soaclng for 30
' mlnutes at 1200 °c d1d not give complete solublllty of this
carblde in steels which contalned 'in excess of 2. O wt._ﬁ
vanadlum. However, the presence of manganese and chronlum
in the steels cons1derably ralsed the solublllty of Vanadlum
carbide in austenite, this being partlcularly the case with N
the latter element. ThlS effect was most marked in an
austenitisation temperature range of 900 to 1QQO °c. Taklng
as anvexample the»austenitisation;of steels withivanadium .
contents of Ou95lwt.!%, tne matrix of the vanadium steel
contained O.11 wt. % vanadium, that of ‘the vanadium/manganese
steel 0.18 wt. % whilst that of ‘the vanadium/chromium steel .
- 0.40 wite. F%Aof this element.;‘ o | |

_ Their results on the effect of manganese were 1n.

(165)

agreement w1th those of Kogan. and Entin who also
~determined that the add;t;on of manganese.increased‘the
Qsolubility of vanadium carbide during the austenitisation
of a steel of commercial pnrity‘~ Kogan and Entin were ofd
the oplnlon that manganese weakened the bonds bet\een

vanadlum and carbon atcms present in vanadlum carblde.

This would have the effect of maklng the carbide



less stable and so easier to take into solution on
austenitising.

Guterman and Goldshteyn thought that chromium was
having the same effect as manganese. However, chromium
is a stronger carbide former than manganese, so on this
basis would not be expected to weakeh the interatomic
forces between vanadium and carbon atoms, present in
vanadium carbide, to as large an extent as would manganese.
Therefore, the very marked effect of chromium in increasing
the solubility of veanadium carbide during austenitisation
was somewhat surprising.

These authors found that the vanadium content of the
matrix was very much a function of the vanadium level of
the alloy. Increasing the vanadium content bf the steel
from 0.9 to 2.0 wt. % caused a doubling of the vanadium
matrix level after austenitising the alloys at all the
temperatures employed, and subsequent quenching.

Gervasyeyv, Goldshteyn, Fanfilova and Rudenko (166)
alsé deduced that the addition of chromium to vanadium
steels had the effect of ihcreasing the dissolution rate
of'VhQBduring austenitisation. The reason which fhey
presented for this phenomenon was that chromium’ reduced

the thermodynamic activity of carbon in austenite, thereby
assisting the transfer of carbon ffom VMCB to the solid
solution. This, therefore, increased both the dissociation
rate of the carbide and the diffusion rate of vanadium

atoms from the carbide to austenite.



3.1 Manufacture of the £lloys
3.1.1 Melting cf the High Purity Sleels

The allioys were melted in a righ frecuency induction
furnace under vacuum., A pre-formed magnesia crucible veas

used, and this was washed out with high-purity molten iron
T

befere the meliing was commencede This was to avecid con-

tamination of the alloys Trom vrevious melts which had been

All these alloys contained iron, carbon and vanadium,

but seven of them also had a fourth element present. Vihen

~these steels were nmelted, a wash-out melt with nolten ircn

was carried out vetween each melt, to prevent
of the following melt by the additional element present in the

preceding alloy.

3
:

The materials used in the meliting were all of high
purity, and can be listed ss follows:-

1., Jarancse Iron (low oxygen content).

2. Carbon (as Grarhite).
3. Vanadium.

Ly, . Silicon.

5. Manganese.

€. Nickel.

Cobhalt.

~J

8. Molybdenum.
S. Chromiumne.

10. * Tungsten.

i8]

The vanadium was of $9.97% vurity. which is very high

level for this metal. This was achileved by triple celectron

beam refinement of the metal. .The impurities precent wvere
zluminium and silicon, and these can be as high @s 2 to 3 whi., &



in ferro-vanadium, which is the normal source of vanadium
in alloy steelmaking.

The additions to the melt were calculated on the basis
of 100% yield, using a2 charge weight of L kg. lelting down
was carried out under an argon atmosrhere, at a pressure of
33 KR/MZ. All the additions to the melts were mede during
this period, with the exception of manganese. When each
charge was molten, the pressure was reduced to 40-70 N/M2
and held at this value for approximately 410 minutes.

The pressure was then increased to 33 Kh/M2 and it
was at this stage that menganese was added to the melt.

This metal has & high vapour pressure, and so addition of
it, along with the other elements in the early stages of
melting would cause considerable manganese loss due to
evaporation.

| Bach charge was cast at 155000, at a reduced pressure,
into a cast iron ingot mould of cross section 6.0 cm square.
These ingots were allowed to remain under vacuum until they
had completely cooled. . The full analyses of theée alloys

are given in TABLE 6.

3e1e2 Melting of the Commercial Purity Steels

Commercial purity vanadium steels are the vanadium
'”steels which are produced by normal industrial steelmaking
practice. Alloying additions employed in the commercial
purity steels melted in this research were the same as would
be employed in industrial steelmaking. The elements silicon,
manganese, sulphur and rhosphcrus were at levels which would
arproximate to those generally expected in industrially

melted steel. Aluminium &nd nitrogen were present in some



of the steéls as alloying additions, but the presence of
chromium and molybdenum were only as impurities.

These alloys were air melted in & high frequency induction
furnace. The furnace lining was Thermax G10, which consisted
of megnesite 84.6, Cal 2.0, A1203 10.0, FeO 1.4 &nd SiO2 2.0

wte %. The materials used in the melting were as follows:-

Swedish Iron.
Eigh Carbon Ferro-llanganese.

Low Carbon Ferro-Manganese.
High Nitrogen Ferro-Manganese.

6 I = GVREY NS

. Ferro-Silicon.
. Ferro~-Vanadium.
. Aluminiume.

~N O

The iroh was melted in the furnace and then aluminium,
ferro-silicon, ferro-manganese and ferro-vanadium were added
to make up a charge weight of 15kg. Each chargé was cast at
158000 into a cast iron ingot mould of cross section 7.6 cm
sguare. The full analyses of the air melted steels are given
in TABIE 7.

All the steels had low carbon contents and the levels
. 0of this element and manganese were controlled by adjusting
additions of high and low carbon ferro-menganese to give desired
values. Some of the steels had high nitrogen contents and
these were achieved by additions of high nitrogen ferro-
mangenese, which contained 5.81 wt. % of this element. In
these cases, the additions of high &nd low carbon ferro-
manganese were adjusted to take into account the increased
manganese level of the melt due to addition of high nitrogen
ferro-manganese.

Aluminium was used for -deoxidation but additional amounts

of this element were reguired in some of the alloys. ~ In such
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