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ABSTRACT
Ferritic stainless steels possess a number of properties which render them
superior to austenitic stainless steels in certain applications. The ferritic stainless
steels are highly resistant to stress-corrosion cracking and are generally of lower
cost. Previous work had shown that the corrosion properties of the ferritic steels
were optimised at a chromium content of forty percent. Extensive research had
already characterised the mechanical and corrosion behaviour of the Fe"40Cr
alloy in the cast and wrought form. This investigation involves the development
of the material by powd ..r metallurgy processing. Particular emphasis is placed
on a proprietary powder production technique as well as on powder
consolidation by Hot Isostatic Pressing. The effect of Ni,Mo, Ru, Nb, Al and Fe
additions and well as various techniques of introducing these additions are
examined. The unique effect of powder metallurgy manufacture on
microstructure and the kinetics of sigma phase formation is highlighted.
Corrosion tests in various concentrations of sulphuric acid and an industrial field
trial were performed. It was found that combined Ni and Mo contents exceeding
four percent resulted in severe embrittlement due to widespread formation of
sigma phase during the HIP process. The use of powder metallurgy techniques
was also found to enhance the kinetics of sigma phase formation in a particular
alley when compared to the as-cast state. Direct additions of Fe powder were
successful in inhibiting embrittlement, possibly due to a mechanism of Fe
diffusion into Cr-rich regions. This lowered of the Cr content in these regions,
thereby reducing the tendency for sigma precipitation. Corrosion tests indicate
satisfactory resistance for the Fc-40Cr-2Ni-2Mo alloys in 70 weight percent
sulphuric acid at 50°C. Alloys with 0.2 percent Ru additions were found to be
especially resistant, due to the role of Ru as a cathodic modifier. The method of
mixing and diffusion bonding metallic powders of varying composition was
found to be feasible and certain novel combinations of Ni and Fe-rich alloys
exhibited satisfactory corrosion resistance. A mathematical diffusion model was
found to provide an order of magnitude approximation of the time required for
hornogentsation in a certain mixture of powders.
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· INTRODt JCTI()~.

Stainless steel is a generic It.,am tor a range of alloys composed nominally of iron
and chromium. These alloys are commonly used in numerous industrial and
commercial applications due to their excellent corrosion resistance in numerous
aggressive media and conditions. It has long b,,\.11 established' that the general
corrosion resistance of the stainless steels tYP.cu.l} increases with increasing
chromium content. However. increasing the chromium content leads to the
various problems of alloy embrittlement anJ difficulties in fabrication"
Commercially avaiiablc alloys therefore only contain typically a maximun )1'
thirty percent chromium. Steels which contain thirty to forty percent chromium
have been termed ultta-ferritic alloys', The work of European researchers in the
}970s and South African researchers in the 1980s and 1990s indicated that an
ultra-ferritic stainless ~t.,I'! alloy contoining forty percent chromium and minor
ruthenium additions had many attractive properties which could render the alloy
economically viable':" ', lhis research culminated in the commercial release of a
new grade of cast steel under the tradename "Ruthalloy'J\111 in 1996\:.

In the course of fundamental research, a proprietary method of manufacturing an
ultra-ferritic stainless steel powder was developed hy Mintek, This was achieved
by utilising the alloy's ease of embrittlcment under the appropriate heat treatment
conditions. Various applications for the powder were explored and it was felt
that powder consolidation by I lot Isostatic Pressing (1lIP) was the most suitable
technology to fully exploit the commercia! potential of tl.! powder. T11is is
because Hll'ping allows for the consolidation or materials which are usually
difficult to manufacture by conventional means. The technique is also considered
to be the state of the art in the production of many alloys, and is known to
produce optimal material properties under the correct manufacturing conditions.
An advantage of the technology is that it allows powders of vastly different
composition to be diffusion bonded. These mixtures usually cannot be
satisfactorily bonded by standard methods. Very little information is available in
the literature relating the properties of this family of alloys when manufactured
hy powder metallurgical means. I Ill'ping is primarily a method of solid-state
consolidation by means of enhanced atomic diffusion. Whilst these diffusion
mechanisms are not always of central importance in many conventional
manufarturing processes such as casting. they are of primary importance in
HIPping.
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The primary aims of the project are thus to describe the unique peculiarities ill
alloy behaviour, microstructure and corrosion resistance which may be attributed
to powder metallurgical manufacture, and to examine the underlying mechanisms
which produce this behaviour. Possible commercial prospects for the material are
also considered. The project has been separated into two sections: the HIPping of
only the ultra-ferritic powder, and the consolidation of the ultra-ferritic powder
when mixed with powders of different composition.
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2. LITERATUR~ SURVEY
This literature survey outlines the general properties of ferrinc stainless steels.
Emphasis is placed on the research and development work which has been
undertaken with regard to experimental ultra-ferritic steels with a nominal
composition of forty percent chromium. The mechanical properties and corrosion
behaviour of the alloy in the cast and wrought states are reviewed.

The densification of stainless steel powders by means of powder metallurgy
methods is also mentioned, with particular reference to the specific consolidation
technique known as Hot Isostatic Pressing (Hll ). The methods bv which metallic
powders may be produced are revie ..ved, A specialised, proprietary powder
manufacturing process, which was utilised in this project, is also discussed.

2.1 General stainless steel overview
Steels which contain over thirteen percent chromium are referred to as stainless
steels. The addition of chromium prov.Jes good corrosion resistance through the
formation of a protective passive layer in aggressive environments.

These steels are categorised as either ferritic, austenitic, martensitic,
precipitation-hardening or duplex stainless steels according to the phases that are
predominantly present. The austenitic types are the most widely used in industry
due to their excellent resistance in oxidising, reducing and elevated temperature
conditions. A review by Cortie' has shown that austenitic steels comprise
approximately seventy percent of the total world stainless steel production, with
the ferritic steels constituting about twenty five percent.

A drawback of the austenitic steels has been their susceptibility to stress
corrosion cracking and pitting in chloride-containing environments. Also since
austenitic steels contain significant additions of nickel, they (ire generally more
costly than other types of stainless steel.

The ferritic stainless steels have onen been considered as an alternative to the
austenitic types. The ferritics arc highly resistant to stress corrosion cracking and
pitting attack in many environments which arc unsuitable for austenitic stainless
steels. When molybdenum is. added, ferritic stainless steels exhibit corrosion
resistance equivalent or superior to the austenitic grades.
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Ferritic stainless steels also contain far smaller proportions of nickel and are
generally less expensive than austenitic stainless steels. However, ferritic
stainless steels have traditionally been susceptible to the problems of
embrittlement, low toughness, as well as reduced formability and weldability, in
comparison to the austenitic grades. This has hindered their '.I~, as a material of
construction and fabrication.

A better understanding of the behaviour and characteristics of the ferritic
stainless steels may be obtained by an examination of the Fe-Cr binary phase
diagram (Figure 2.1). Commercial ferritic alloys contain between 12 and 30
percent chromium. The upper chromium limit is arbitrary and experimental alloys
with up to forty percent chromium have been developed".

From the diagram it can be seen that alloys in the 12-40 percent chromium range
do not have a FCC (face centred cubic) crystal structure at any temperatures up
to their solidus. This is significant, since it indicates that ferritic steels do not
exhibit the alpha to gamma phase transformation upon heating at high
temperatures. These steels, therefore, cannot be hardened by the classic gamma

to martensite mechanism. The gamma ~ alpha ~ gamma phase transformation
is often employed as a technique of grain refinement. The absence of this
transformation implies that the ferritic steels are vulnerable to grain growth at
elevated temperatures. Large grains are generally undesirable in these alloys
since room-temperature toughness and formability are impaired.

Another significant feature to be noted on the phase diagram occurs in the 20-70
percent chromium range between 820 and 600 degrees centigrade; sigma phase
occurs in this region of the diagram. Sigma is a brittle intermetallic compound
which is detrimental to the toughness ilwt corrosion characteristics of the alloys
in which it occurs.
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Figure 2.1: Cr-Fe phase diagram.9
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2.2 The embrittlement offbrritic stainless steels

Due to the fact that ferritic steels exhibit a Bee (body centred cubic) structure
they are subject to several embrittlement phenomena which are more
pronounced than in alloys with an FCC structure. Amongst the more important of
these phenomena is the exhibition of a ductile to brittle transition temperature
which is close to room temperature. Although this characteristic may be modified
by the additio- ')f various alloying elements, the presence of such a high
transition temperature has hindered the use of ferritic steels in many applications.

In plain chromium steels with high chromium contents, it was initially thought
that embrittlement was actually due to the large amounts of chromium present.
However, it was shown by Spendelow'" in the 1950s that it was actually the
presence of the interstitial elements, nitrogen and carbon, which were the cause
of brittleness. Carbon and nitrogen are introduced during the steelmaking
process and cannot be removed entirely.

:
'\

The ferritic steels have a stable Bee crystal structure at temperatures up to their
melting points. Since the Bee lattice does not have a high solubility for
interstitial carbon and nitrogen, there is a tendency for the carbon and nitrogen to
come out of solution in the form of brittle chromium-rich carbides and
carbonitrides', Consequently, the carbon and nitrogen levels have to be kept to a
minimum. as low as 150ppm in some cases", in order to achieve acceptable
toughness characteristics. These low levels have been made possible through the
development of modern steelmaking technologies such as the
Argon-Oxygen-Decarburisation (A.O.D.) and Vacuum Induction Melting
(V.I.M.) processes. It has also been found' that the addition of certain
"stabilising" elements such as Ti or Nb, lessens the effect of high interstitial
element levels, by tying up carbon and nitrogen as Ti or Nb carbides and nitrides.

Modern ferritic alloys with above eighteen percent chromium and with low
interstitial element contents are re red to as E.L.I. (Extra Low Interstitial) or
superferritic stainless steels. However -lespite improvements in toughness, the
superferritic grades are still only empl in sections of up to 12mm thickness'.
This is due to embrittlement effects 'h ~hwould be apparent in thicker sections.

The three most common mechanisms of embrittlement are high temperature
embrittlement, 475°e embrittlement and sigma phase embrittlemeut.



2.2.1 High temperature embrittlement

This form of embrittIement occurs when ferritic stainless steels are heated to
above lOOODe and cooled. The precipitation of c.irornium-rich nitrides, carbides
and carbonitrides during cooling results in decreased impact toughness and
ductility. The exact mechanisms by which the precipitates form and affect the
toughness of ferritic stainless steel are still the topic of much debate. It was
suggested that embrittlemer.t was due to the precipitation of carbides and nitrides
at grain boundaries'. Alternately, Demo" considered that dislocation locking by
intragranular precipitates was a possible explanation.

High temperature embrittlement is dependent on the carbon and nitrogen contents
of the ferritic stainless steel. Since these interstitial elements have a relatively
low solubility in ferrite, it can be seen that their amounts should be kept at a
minimum. This becomes more critical as the amount of chromium is increased,
since chromium decreases the solubility of carbon and nitrogen even further.

The addition of stabilicing elements such as Ti and Nb has been used with some
success' to tie up carbon and nitrogen as Ti or Nb compounds. This prevents the
formation of detrimental Cr-rich nitrides and carbides and therefore results in
increased toughness. However, it has been shown that the addition of excessive
amounts of Ti and Nb produces a corresponding deterioration of properties.
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2.2.2 475°C embrittlement

When ferritic stainless steels are heated in the 450-500°C If rature range,
they become embrittled. This embrittlement results in {L~,eased impact
toughness, ductility and corrosion resistance", Fmbrittlernent effects become
more severe with increasing chromium content". Early studies observed that
embrittlement occurred even in Fe-Cr aiiuys of high purity and low carbon and
nitrogen contents. It was therefore deduced that embrittlement could therefore
not be due to the formatio: of nitrides or carbides. Early investigators such as
Heger" believed that 475°C embrittlemcnt was caused by the formation of a
transition lattice intermediate between the alpha and sigma phases, prior to the
fonnati ....n of the sigma phase at a higher temperature. However, the work of
Houdremont'" showed that this explanation was not feasible. Other studies"
indicate that cmbrittlement eventually occurs due to the precipitation of a Cr-rich
BCC phase, alpha prime, which forms due to the presence of a miscibility gap in
the Fe-Cr phase diagram below 550°C. Two distinct ferrite phases, the Cr-rich
alpha prime and the Fe-rich alpha, occur in alloys which are held at the
anoropriate temperature within the miscibility gap. The formation of these
uuferent enriched phases within a miscibility gap is known as spinodal
decomposition. The products of the spinodal reaction differ in composition from
each other and from the parent phase. However, the products s'iare the same
crystal structure as the parent phase. Spinodal decomposition has been reporter
in other alloy systems, most noticeably the Cu-Ni-Sn system, where it is utilised
as a method of hardening the alloy". The spinodal reaction differs from the
classic mechanism of nucleation and growth in t!'nt discrete nuclei of the product
phases do not form in the initial stages of decomposition from the parent phase. If
the alloy is held at the necessary temperature, a gradual sinusoidal variation iT!
composition with distance occurs instead. These variations in composition
become more pronounced with time until the discrete product phases are
eventually fanned at the end of the reaction. Spinodal structures arc typically
extremely fine with distances between regions of identical composition being of
the order 'of 50 to lQOO angstroms".

There is still some debate as to the exact mechanism of alpha prime formation
:1i11.1 how it causes embrittlement, Grebner" proposed that alpha prime
precipitation caused dislocation locking., whereas Jacob ...en" suggested that
subgrain strengthening due to alpha prime precipitation on subgrain boundaries
was the cause of embrittlement. Interestingly, Cortie and others" have shown
that the embrittlement caused by alpha prime precipitation is in any case
preceded by embrittlement caused by the precipitation of minute erN clusters
which impede dislocation movement.



Alpha prime .nay be dissolved by sustained heating at above :"SC]"C.However,
the heating temperature should he below tha: which favours sigma phase
precipitatron

I

I

7·?\Sigma rll1!~~j~~mhrit!l~"l~m
The sigma phase is an equilibrium constituent of the binary Fe-Cr system and
occurs in bulk form at 40·50 percent C1'content, after heating ill the 500g900t)C
temperature range. Duplex structures, \:, 1 sisting of alpha and sigma have been
reported in alloys containing between 20 nnd 70 percent Cr. The presence of
sigma phase results in a decrease in room temperature toughness and ductility.
The irregularly-shaped sigma particles may act as a stress raiser" or increase
resistance to slip.

The sigma phase is a hard, brittle. non-magnetic, intermotallic compound and has
the nominal composition FCCi', Sigma formation 1S favoured by Increasing Cr
content. In binary FeMC~'alloys sigma phase takes a number of hours to form,
even at favourable temperatures. The formation of sigma phase is affected by the
presence of impurities, alloying dements, the degree of cold work present, and
temperature. It appears that pressure may affect sigma formation, Oraguchf"
found that a high ('1' (45 atomic percent) steel. when subjected to a high
hydrostatic pressure of 900MPa, formed sigma in half the time that it took tv
form at atmospheric pressure,

Premachandra" conducted an extensive examination into the mechanism and
kinetics of sigma formation and determined the ~X:,).I..1t composition of various
sigma phases, It must be mentioned that whilst it is mainly the ferritic stainless
steels which me vulnerable to sigma phase formution, the phenomenon has also
been observed in austenitic and duplex stainless steeb.

I
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2.4 BacknfOUlHLto the ·HLncrcent chromium an()'V~

It has been known since the 1970s. from the work of Tomashov and Chcrnova",
th~~tthe optimum passivation properties of binary Fe-Cr alloys occurs at the 40
percent chromium level. It has also been shown that the passivating effects of
platinum group metal (POM) additions" are most effective at the 40 percent
chromium level.

This Fc-40Cr alloy showed possible commercial potential as ., highly
corrosion-resistant steel in reducing and pitting environments. A significant
amount of work was initiated by South African researchers in the 1980s and
19QOs. The possibility of producing a cost-effective 40 percent chromium ferritic
alll~Ywhich could compete with the 111mc expensive austenitic or nickel-based
grades was examined.

Early work hy D~~Marsh" examined the effect of'Ru, Ni, Ti, Nb and Al additions
on impact toughness of the Fc-40Cr alloys. It was found that each of these
clements, or combinations of these clements, reduced the ductile to brittle
transition temperature or the alloy. Ni additions of two percent produced the
greatest reduction in ductile-to-brittle transition tempe! ature,

De Marsh' also investigated thermornechanical processing variables by rolling
the Fc-40('r alloy in thc 650-950"(' temperature range followed by high
temperature annealing. T!lC best toughness properties were obtained by an
intermediate anneal at 800('(' or 8S()C'(' . followed by a solution anneal at 10:'0('('
lor one hour. De Marsh attnbuted the differing ductile and brittle behaviour of
the alloy to tht.: presence of sigma phase, However. this postulation was
contradicted by Van Zwieten", who considered the alternative possibility that
brittle behaviour could instead he ascribed to the precipitation of' Cr-rich
carbides and nitrides.

Ilermanus' concentrated on improving the toughness properties of the plain
binary Fc-4()( 'I' alloy. The effect of various melting, unncaling and
thermomechanicul treatments on the toughness characteristics of the wrought
plate material were examined. The role of C, N. Ru, Nh, Al . Ti and rare earth
metal additions were also investigated. Ilermanus com luded that tough Fc·40l'1'
alloys could be produced hy rolling at temperatures between 1050 and 750
degrees centigrade, with a solution anneal at 950 degrees centigrade lor one
hour. fblhn,'ed by a water quench. (harpy impact values of 200.1 md a
ductile-tu-b; ittle transition temperature or ~10 degrees I..ntigrude were reported.
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It was also found that toughness values decreased as the interstitial content of the
alloy increased. It must be mentioned that the roughness values obtained by
Hermanns were hampered by poor reprcducibility within the investigation.

The embrittling effects of the interstitial elements C, Nand O were studied by
Van Zwieten". He reported that even with as little as 130 ppm Ct N and 260 ppm
0, the plain Fe·40Cr alloy became severely embrittled. No intermediate
annealing was utilised. Room temperature Charpy impact values of 15J/cm2 and
high ductile-to-brittle transition temperatures of 130"C were encountered. In this
investigation, it was also shown that the dynamic fracture toughness test
produced more reproducible results than the Charpy impact and slow bend tests
used by Hermanns and De Marsh.

Wolff'1 examined plain Fcu40Cr alloys that had been annealed in the 750-850'T
range. It was reported that mobile dislocations were formed in tlus temperature
range, leading to improvements in toughness. The beneficial effects of Ni
additions were also observed,

Tullmin' conducted a comprehensive investigation into the toughness, corrosion
behaviour and weldability of same Fe-40Cr alloys. Significant information
regarding the mechanisms by which the toughness and corrosion properties could
be controlled were obtained in this study. Alloys were prepared by vacuum
induction melting and hot rolling, Intermediate annealing treatments were
undertaken at 850\'(' and followed by a solution anneal at 1050;:'(" culminating in
a water quench. Elements such as Nb, Ru, AI, Nb, Mo, Ni and '1'1 were added to
the melts.

With regard to toughness considerations, T\ll1111in'found that undesirable Cr-rich
carbonitrides precipitated at gn';ll boundaries despite using interstitial levels
below 200 ppm and rapid quenching. It was found that the addition of a stabiliser
element such as Nh, at concentrations of 1-t(C !N), could be used to prevent
grain boundary precipitation.

An important finding of the study was that mobile dislocations were formed due
to sigma phase dissolution during the 1050G

(, solution heat treatment. These
mobile dislocations were considered essential-in increasing the toughness of the
alloy. Ni was also found to improve toughness by promoting deformation
twinning. Deformation twinning favours plastic deformation during impact tests.
Charpy impact values of up to B2Jfcm:! were reported in the Nh stabilised
alloys. Fc-40Cr alloys with the correct alloying additions exhibited a gradual
transition from ductile tn brittle fracture over a large temperature range whereas
alloys without the addithm; had a sharp D13TT.
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Iorio, Witcomb and Cornish" performed a study with transnnssion electron
microscopy on a Fe~40Cr alloy which exhibited a l1rge variation in ductile
behaviour. Variations in observed dislocation density, twinning and thus ductility
were attributed to differences in the cooling rate after solution annealing, and the
embrittling feature was deduced to be vacancy clusters.

Prior to Tullmin, very little work had been done describing the corrosion
characteristics of the Fe~40Cr (ll!('~'Work done by previous researchers" had
concentrated chiefly em the cathodic modification of the alloy by addition of Ru
and other platinum group metals.

Electrochemical corrosion testing was carried out by Tullmin'. It was found that
additions of 2 percent Mo and 2 percent Ni were significantly beneficial in
improving the passivation characteristics of the alloy under strongly reducing
general corrosion conditions. The improvement in general corrosion resistance by
the addition of 0.2 percent Ru was only considered to be moderate.

During pitting tests, pits were found to initiate at S- or Si- rich inclusions, Mo
was found to greatly improve pit repassivation, whilst Ni and Ru additions
produced no such improvement. Mo and Ni were also found to increase
resistance to crevice corrosion, whilst Ru had minimal effect.

Tullmin' found thnt the Fe-40Cr alloys were vulnerable to sensitisation effects
and thus intergranular corrosion, due to the precipitation of Cr-rich carbonitrides,
He found that Nb stabilisation was beneficial in preventing sensitisation as well
as in enhancing toughness properties. Unsensitised Fe·40Cr alloys were reported
to exhibit significant resistance to pit initiation in corrosive environments.

Work was also initiated into the welding characteristics ofthe alloy', This area of
investigation had been ignored by previous researchers. It was found that good
toughness and corrosion resistance could be obtained, in the as-welded condition,
if laser or electron beam welding was employed, The presence n1' highly mobile
dislocation densities and lack of harmful precipitates, due to low heat input
during welding, was suggested as an explanation. TIG (Tungsten Inert
Gas) welding was considered t~)be unsuitable due to the higher heat input which
resulted in brittleness in the heat affected zone'

12



All the alloys used in the study were coarse grained. Grain refinement by means
of cold working, followed by recrystallisation, was attempted. While the
procedure was found to produce fine-grained microstructures, a number of these
fine-grained Fe-40Cr alloys were found to be unacceptably brittle. It was
surmised that recrystallisation effects had reduced the number of mobile
dislocations, thereby resulting in embrittlcment. After further experimentation
Tullmin concluded that tough, fine-grained Fe-·lOCr alloys could be produced by
cold rolling, followed by recrystallisation at 800-1050°C, and a finishing cold
rolling reduction of 2.5-5 percent. The effect (If the final cold work, according to
Wolff1 was to generate additional mobile dislocations.

The effect of solution heat treating temperature (SHT) on the mechanical
properties ;':·1d grain growth of the high chromium steels had also been studied by
Cortie et aF5. The results of this work are shown in Figures 2.2-2.4. The Charpy
impact values of a Fe-40Cr alloy were found to have a maximum at a SHT of
approximately l020PC. Solution heat treating temperatures which were either
above or below this value produced a decrease in impact toughness (Figure 2.2).
It was found that mechanical properties of the Fe-40Cr-2Ni-2Mo alloy
deteriorated as the holding time at the SIlT was increased (Figure 2.3). It was
also found that grain growth increased and both ultimate tensile strength and
percent elongation decreased as the SIlT was increased from 1000"C "-) 1150"C
(Figure 2.4).

Cortie et aF5 also conducted corrosion tests comparing the behaviour f the high
chromium steels to several commercial allovs. The results are shown in Figures
2.S and 2.6. The general corrosion resistance of Fe- tOCr-2Ni-2Mo and
Fe-40Cr-O .2Ru in 10 percent sulphuric acid at ::m 'C was superior or comparable
to superalloys such as llastelloy C<~76 and Al-6XN. The corrosion resistance
was also found to be superior to a commercial super-ferritic alloy. The beneficial
effects of cathodic modification by means of Ru additions to the basic Fe·40Cr
alloy were also confirmed (Figures 2S<:!.7). The pitting resistance of
Fc-40Cr-2Ni-2Mo in an aggressive chloride environment was found by Tullmiu'
to be comparable to IIastdloy-C27(, anti AL?9·4C and superior to QO·U, anti
316L.
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2,,5 The kinetics of sigma phase t}mllation in Fe~40Cr alloys

The work of Tullmin' implied that the formation and dissolution of sigma phase
was important in the establishment of mobile dislocations. The presence of these
dislocations was considered essential if a tough Fe~40Cr alloy was to be
produced. At the time of Tullmin's investigation, very little information was
available regarding the kinetics of sigma phase formation in high chromium
ferritic steels. It became apparent that establishing the kinetics of the reaction
would be beneficial in terms cf'furthering the understanding of the Fe-40Cr alloy,
as w~11 as aiding in further development.

In 1993, Premachandra+" conducted such a study and the kinetics and
mechanisms of sigma phase precipitation in Fe-40Cr steels were determined for
the first time. Time-temperature-transformation diagrams of sigma phase were
established for the plain binary alloy, as well as for alloys with additions of Ni,
Mo, A1, rt. Zr and Nb (Figures 2.8~2.18)~I.~h.

It was found that additions of Ni and Mo increased the kinetics of sigma phase
formation in high-chromium ferritic steels. The addition of Nb as a stabiliser to
the Fe~39Cr-2Mo-2Ni steels retarded sigma formation, whilst the addition of Ti
and 21' increased the rate and temperature range at which formation occurred. A
concentration of one percent AI was found to have a potent retarding effect on
sigma growth. The greatest rate of sigma formation in the Fe-40Cr-2Ni-2Mn
alloys was found to occur during isothermal heating at 750"('. Cold and hot
working prior to isothermal heat treatment increased the rate of sigma formation
(Figure 2.16)~1.
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2.6 The sHeet of allovi.!lli.,.m!~titllm~~t!2J~~:.1n~):
The addition of two percent Ni has been shown by previous workers' to improve
toughness properties as well as corrosion resistance in reducing environments.
However, higher levels are reported to promote stress corrosion cracking in
ferritic stainless steels. Ni PWI11IlICS the formation of sigma phase".

The presence of two percent Mo improves pitting resistance. Levels greater than
two 'percent Mo are reported to result III loss of ductility in the presence of
stabilising dements Ti and Nb~.Mo promotes the formatic n of sigma phase",

Both Nb and Ti arc used as stabilisers and prevent sensitisation due to
precipitation of Cr-rich carbides and nitrides. Nb narrows and retards the
temperature range of sigma formation. Ti stabilisation is reported to result in
decreased toughness". Al may be used as a weld-ductilising clement. The
addition of one percent Al to Fc-40Cr is reported to have a potent retarding effect
on sigma formation".

Additions of approximately 0.2 percent Ru improve the passivation
characteristics of the alloy in reducing media". Larger additions appear to
produce no further beneficial effects on corrosion resistance. There is very little
information regarding the influence of Ru on sigma phase. However, a recent
(1998) publication by WoHI' et aFx indicates that Ru enhances the kinetics of
sigma formation,



,7.7 An economic ass.e-,~!ilnent ofth~J::~-40~Llll1nv
The Fe-40Cr alloy has certain economic and corrosion resistance advantages
over many commercial Fe and Ni-based alloys. The results of a Mintek survey
arc shown in Figure 2.19. The material denoted "Mintek alloy" is a superferritic
stainless steel containing 2%Ni and O.2%Ru.
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?~.:..8:e()wder metallurgy

Powder metallurgy deals with the production of solid compacts from the
consolidation of metallic powders. Metallic powders may be compacted to, or
very close to, maximum theoretical density. Various techniques such as liquid
phase sintering or hot isostatic pressing (IIIP) arc utilised in 01\11:1' to achieve
consolidation. There are numerous advantages in utilising powder metallurgy
processing. Powder metallurgy allows for the production of components from
metals which are very difficult to produce by melting and casting, such as
tungsten. Many composite materials, such as the cemented carbides, may only be
manufactured by powder metallurgy. In addition, deliberately porous
components, such as filters, are easily produced by this route. One of the major
advantages of powder metallurgy processing is that it allows for the production
of iron, nickel, aluminium and cobalt-based alloys which have superior
microstructures and prop erties compared to the properties of the same alloy
processed by casting and forging, Such powder metallurgy components or
coatings typically exhibit greater wear resistance". enhanced mechanical
properties and improved performance in service", compared to their
conventionally-produced counterparts.

The advantages of powder metallurgy components are due to the characteristics
of the starting PUWdCIS. Depending Oil the manner of powder production, the
powders generally have uniform, homogeneous, fine-grained microstructures
with minimal segrenation. Ideally, all powder particles could be considered
"mini-ingots" with the nominal composition of the starting melt. Depending on
the manner of powder manufacture and consolidation, material produced from
these consolidated powders could therefore be expected to exhibit superior
properties.

j
I



The majority of stainless steel powders are produced by water or gas atomisation
of the melt. 111ismethod involves the disintegration and solidification of a thin
stream of metal by the impingement of gas (usually inert) or water jets.
Subsequently, each powder particle has the nominal composition of the parent
melt. This process produces extremely fine, homogeneous microstructures with
minimal segregation. However, the equipment required for powder atomisation
is costly.

2.8.1 Production of stainless steel powders

There are numerous methods by which powders may he produced. These include
communition of solid metal, precipitation from solution of a salt, thermal
decomposition of a chemical compound, reduction of a compound,
electrodeposition and the "atomisation" of molten metal. Only the methods
relevant to the production of stainless steel powders will be reviewed here.
Further information on the other processes is given in reference 33.

A novel method of producing powder from high-chromium ferritic steels has
been developed and patented by Mintek". The process appears to be specific to
those alloy systems in which sigma phase is apparent. The technique involves
embrittling the alloy by sustained heating in the temperature range of sigma
formation. When sufficient sigma has formed, the rna.erial is subjected to
mechanical communition in a ball mill. The powder which is produced by this
method is reported to be free of surface oxide contamination, as well as having
uniform compositior Numerous economic advantages have been claimed by this
process. Standard milling and heat treating equipment, which are common in
industry, may be employed in the powder production process. Minimal capital
outlay (on new equipment or technology) is specified to he required in order to
manufacture high-chromium ferritic stainless steel powder by this route. The
costs of powder production by the process would therefore be expected to be far
less than equivalent powder produced by atomisation.
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2.9 Hot Isostatic Pressing

A number of methods may be used to consolidate a metal powder. Some of these
methods are powder rolling. liquid phase sintering, the proprietary Ceraccn'
process and hot isostatic pressing (HIP).

Hot isostatic pressing (HIP) is a manufacturing technique which involves the
simultaneous application of high gas pressures and an elevated temperature. The
principle is straightforward. A component is plac ..d within a specially designed
pressure vessel. An inert gas. usually argon, is then pumped into the vessel. The
temperature of the gas is raised, and this causes the gas pressure within the
confines of the chamber to increase. Since a gas exerts uniform pressure in all
directions. the nett result is the application of isostatic fluid pressure onto all
surfaces of the component. Typical pressur es would in the region of lOOObar
(lOOMI> at a temperature of 600-1300°('. depending on the composition of the
alloy. The principle is illustrated in Figure 2.20.

The main effect of IllPping is the closure of internal pores within a metallic or
metal enriched body e.g. cemented carbides. The upgrading of castings and
sintered components is also a major industrial application of hot isostatic
press mg. Some foundries and many cemented carbide manufactures specify the
process as an essential stage in their manufacturing cycle. The detrimental stress-
raising and weakening effects of internal porosity within a monolithic body arc
well documented and cannot be tolerated in many critical applications.

Another industrial application is the consolidation of metal powders to form fully
dense components. The process involves placing the required metal powder into
a mild steel canister of the desired shape. The canister is gas-tight and is
evacuated, then sealed by welding, prior to Hll'ping. The high temperatures and
pressures during Hll'ping results in yielding of the powder particles and
enhanced atomic diffusion at their points of contact. The overall effect is to
achieve complete metallurgical bonding of the powder particles which pro duces
a fully-dense compact at the material's theoretical maximum density. A variety of
materials such as stainless steels, tool steels and superalloys may he densified by
this method. The major advantage of the technique is that all bonding occurs in
the solid state. This avoids undesirable microstructural features such as the
heterogeneous distribution of secondary phases and grain growth which arc
prevalent during solidification from the liquid phase. Since many metal powders
(e.g. gas atomised powders) arc typically manutactured with fine-grained,
homogeneous microstructures these characteristics arc preserved during
I lIPping.
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The improvement in tensile, hardness and toughness properties in HIPped
powder metallurgy alloys and Hll'ped castings is due to the removal of residual
porosity and improved microstructure, Over the years, a number of workers have
studied the differences between HIPped and unHIPped components. The findings
indicate that hot isostatic pressing is a beneficial material enhancement technique
for many alloy systems. Graphs which arc illustrative of improvements in
material properties in both powders consolidated by IIIPping and castings which
have undergone hot isostatic pressing are shown in Figures 2.21 and 2.22~4. The
temperatures used in HIPping are typically greater than O.7Tm(where Tm ;s the
melting point). This ensures that sufficient atomic diffusion occurs to ensure
complete particle bonding and pore closure within a reasonable time during
commercial operation. Too low !\ temperature results in excessive cycle times,
whilst too high a temperature introduces the risk of forming the liquid phase. The
degree of pressure applied is usually derived from empirical data. Gas pressures
between SON1OOMPa have been found to be sufficient. A list of common
temperatures tor various materials is shown in Table 2.1.
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From Table 2.1 it can be seen that HIPping is extremely versatile and can be
applied to numerous materials. However, ceramics such as AlzO~ and carbides
such as SiC, generally require extremely high temperatures. These temperatures
can only be achieved with specialised HIP equipment and are usually net
economically viable. Most commercial lIlP facilities therefore only process
materials which can be HIPped at 140QoC or below.

2_.9.1 Diffusion bondin_g
HIPping may also be utilised to diffusion bond or join similar or dissimilar
materials, The major advantage relative to traditional fusion welding is that no
melting of the parent metals occurs. This minimises problems such as
microstructural segregation and solidification cracking. Distortion is also
decreased. Metallurgical bonds are produced in the process, and bond strengths
are acceptable for commercial applications", Diffusion bonding allows a far
greater combination of alloys to be joined. Many of these combinations would b-
difficult or even impossible to produce in fusion welding processes. Some
material combinations which are possible, -typically for hardfacing or protective
coating applications, are Stellite (cobalt-chrome) alloys/austenitic stainless steel,
tool steel/stainless steel, nickel-cased snperalloys (c.g.Inconelj/Stellite, and
Zircaloy/uraninm oxide.
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2.9.2 Industrial HIl~
Whilst the earliest equipment for hot isostatic pressing was originally designed in
the late 1950s hy the Battelle Institute of America, the technique only became
commercially successful in the 1970:::;.Only some companies in Europe and
America generally offered the technology during this period. The world-wide
value of finished HIP products in 1987 was estimated at over two billion pounds
sterl.ug", In 1991 Ultra High Pressure Units made the process available to the
South Attic" , industrial market for tile first time.

I
2.9.3 The theoretical has is of nmvdcr consolidation duri~
Hot Isostatic pressing relies on tile simultaneous effects of applied temperature
and pressure to acuieve metallic diffusion. bonding. There are a number of
distinct stages. Initially, the elevated temperature reduces the yield strength of the
powder particles such that the applied pressure results in compaction and plastic
yielding of the powder particles. This causes the exposed surfaces of the
particles to come in intimate contact with each other. The compact therefore
consists of a network of powder particles with interconnected porosity. Further
consolidation occurs by means of various creep mechanisms such as
Nabarro-Herring and Coble creep which provide a means for matter transport. In
the second stage, the bond interface consists primarily of bonded areas and
residual vc.ds. The driving for the removal of porosity is tile overall. reduction of
the surface area of the compact. A reduction in surface area leads to a lowering
in the overall energy of the system and is therefore thermodynamically favoured.
Final bonding and pore removal occurs by means of atomic diffusion, as well us
recrystallication and grain boundary rnigrarion".

The end result is complete bonding of all the powder particles in a compact
which is at the theoretical density for that material. The various stages of Hl?
consolidation have been modelled mathematically by a number of workers",
These models arc fairly involv d, and are beyond the scope of this literature
survey. A useful review and discussion of the various mathematical models may
be 1'i."111<1 in the work of Eisen IN.
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ilO_Milling
Mining involves the mechanical communition of a powder in order to reduce thl.)
si"I' or alter shape of powder particles It 111'1Y also hI.' used to I.~(l:ttthe powder
particles, or to mix or blend )\',0 or more materials.

There arc a number of techniques in which milling IS aclucvcd. DHI~!\'m
variations are vibrntory, hall and attritor milling. Ball milling is one \If the more
commonly used methods. Tlns involves placing a powder charge in a cylindrical
tumbler which is filled with spherical milling media and a protective fluid (Figure
2.23). The milling media arc usually produced from hard material such ,1S
cemented c-ubide or hardened steel. The prutectrve fluu' j" usually a
nydrocarln uch as acetone or hexane In certain specialised C\1S\..'S, water may
he used.

The principle of hall milling is ~tral~'hUi)nvtlld, The tumbler is rotated at a ceruun
angular velocity, cau- ..lg relative lIH1til\,l 'between the milling media and the
Po\Vd~I charge, This causes powder partl\._·ll.'s til become l.'utmpPI.·d l' t" ceu tI1I.'
imparting milling media (Figur;: ~ 1. A mnuber of different I...'Sp\'1 . hI this
impact all.' p(\~sibk'. Hard, ~lrittll.' pII\hk'! parncles \\ III tend h' ih\ nrc w ith
minimu~ deformauon, \' hereas ductile mntcrials \\HI ltl.'1i.'rm plastil.\~Il~' amI
experience agglomerution ami (IIld \\I.'klm~~between particles.



Tl, ...e is a limit to the to the amount of particle size reduction which can b.'
achieved by milling. Particles may agglomerate by means of cold welding or
lechanical interlocking, and as the particles become finer, there is a tendency for
'C agglomeration forces to become stronger. Eventually, tne agglomeration

forces (cold w -ldmg) reach an equilibrium with the tendency for particle size
reduction (fracture). and a minimum particle size is reached. l\. narrow particle
size distribution is then obtained. Particles larger than average arc reduced in
size, whilst particles smaller than average arc agglomerated (Figure 1.25). This
means that excessive milling times are ineffective in achieving any further
significant reduction in particle size.

EI1:illttt1;"~:t~Ji~m!~iigl11qtimLn[£.~\llml\llJit.lllll..lnJ~'lll.nliU!ll!L.J·I.ll.'...l:\rg~.~il:cJ~~
rg!)!:gcl'i£J!!JhgJ:mll)L\~:bjbLth~l}m·tidt·~armnl~lJhi!llll '.!l!,t:Si!1)tJh~ PI \ .der. :I
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Milling is dependent ,)11 a number of factors such us angular velocity, media to
powder rntio, type of'protective liquid. milling time and the characteristics of'the
powder and mill media. As angular velocity increases, eonununition increases.
However, once a critical vc}ocity IS exceeded. the halls will tend to be held
against the walls of the mill chamber hy cCt1tl'ilhgal three, and minimal
communition will occur. As the media to powder ratio is increased, the degree of
eommunition ami mixing increases, since there is a greater chance of a powder
particle becoming entrapped between colliding halls.

The protective fluid interferes with cold welding, hut ahsorbx the heat of
communition and protects the reactive powder surfaces ugainst oxidation from
the utmosphere. The shape, die and material of the milling media affects the
milling process. Britth; powders will tend to hI! communited more eusily than
ductile powders.

During ball milling, a great deal of cold welding occurs between ihe halls,
powder particles ami mill chamber. The continuous wclding and Iiueturing
(Figure 2..26) of individual particles results in homogenisutiou of the constituent
powders. I lowever, the homogenisation process is greatly enhanced and becomes
truly effective only when the protective liquid environment is removed.



In this situation, the dry ball milling process IS then referred to as mechanical
alloying. Mechanical alloying may be treated as a separate branch of ball milling,
and no further discussion on the topic is necessary at this time since the
technique was not employed in this study. A more involved and mathematical
analysis of the milling process is possible, These aspects will not be dealt with in
this report. hut can be found elsewhere"),
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The m~~jorit.\' of work in the field (If composite ulloys and materials is
concentrated on improving wear um~strength characteristics of metallic alloys.
The most common technique used is the mechanical alloying or mixmg of metal
powders with a flue dispersion of hard particles These hard particles are
typically carbides 01' oxides. Such materials are known as dispersion
strengthened alloys or metal matrix composites and arc said to produce desirable
mechanical properties which are difficult to obtain by conventional means":":"
As an example, Velasco", found that the wear resistance of 3161, stainless steel
could be improved by 50 percent with the introduction of 4 weight percent yttria
or alumina particles. The standard manufacturiug mute for metal matrix
composites is mechanical milling/alloying of various powders fol'owed by
compaction and then conventional sintering techniques ". I Iowever, some
workers such as Pierronnet and Raisson haw unliscd I Ill'ping" in heir study of
the addition of various carbide particles to 'II and Ni alloys. These Wl1i!';'Cl'S only
used conventional mixing and blending techniques prior to hot isostanc pressing
and their chief finding was that HIP technology could be successfully used in th~
production of u metal-matrix composite.

No references could be found III the literature involving thl! simple mixing and
IUP consolidation of different pre-alloyed metal powders. The only investigations
ill this area were examinations of the diffusion zone between bulk allovs which
were bonded by HIPping. The work of Jarvenpaa", Zeedijk'", and i\aisson4~
provides a useful background to the field. Ashworth" conducted an interesting
investigation into the strength (If diffusion bonds, and found that high strength
bonds could be produced between dissimilar materials, such as tool and stamlcs-
steels. However, none of these studies examined the reactions he-tween powders
of different composition whkl! \\1.'1\ mixed and HIPpl.!1i h11.!ethl.'l'. The literature
also indicates tlt:lt alnu 1st n, I \\\11k ha~ been done llll producing it powde: based
compostte allny w ith till: central ann {If iml'lilving I.',urosion rcststunce
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Corrosion may be defined as the deterioration of a metal through mainly
chemical interaction with its environment. Many metals in the pure state arc not
in their most thermodynamically stable forms, Corrosion is therefore the
tendency of a metal to revert hack to its most stable state, This state is typical:y
some form of oxide. The electrochemical nature of this process may be
demonstrated by considering a simplified corrosion reaction which may he
represented by the following equations:

Oxidatton (anodic reaction)
Reduction (cathodic reaction)

\l-+Mn. 4- ne (1)
211++ 2e • Ih (2)

(\Vherc M metal),

During the oxidation process treacuon 1), the metal reverts from Its metallic state
to an ionised form The electrons which are released arc then taken up by a
corresponding n-ductic process trcaction :> t A variety of reducnon processes
are possible and reacuon (:.1) is only utilised as an example. The important
feature to note is that an clectrochetnical cell is formed betw cell the metal
surface and a corrosive environment. Reactions (1) and (2) arc therefore referred
to as half-cell reactions. The reduction reaction occurs at the catholic, whilst
oxidation occurs at the anode,

The electrochemical approach to the corrosion process allows fbr certain
relationships between the cell potential and current to he deflncd. When an
electrochemical cell is at equilibrium. there is no nett oxidation or reduction
reaction i.e, the rate of reduction and oxidation is the same. There is no
accumulation or deficiency of charge. At equilibrium a certain cell potential, n,
exists. These cell potentials art: referenced with respect to the standard hydrogen
electrode and arc listed in the galvanic series. 'I11C rate of the reduction and
oxidation reactions of the celt arc expressed in terms of the exchange current
dt!rtsity L (current per unit surface area). At equilibrium 1"\1.1111>'1\ ill\!Ud"'ll i...The
value of L is derived empirically and tables with the L measurements of various
systems are available.

Metals which undergo corrosion form electrochemical cells which an.' not lit

equilibrium. Polarisation is then said to occur. This polarisation results in an
overvoltage n, which represents a deviation 1h\11\ the equilibrium cell potential
11".



Two tYPl~Sof polarisation, activation and concentration polarisation, can occur Jt
an electrode. Activation polarisation is the electrochemical reaction which is
controlled by the reaction kinetics at the metal-electrolyte interface. A reacting
species must be adsorbed onto the metal surface before a react 1 can occur. The
rate of'reaction at the interface is thus the rate-controlling step.

Concentration polarisation refers to elcctrochemic actions which are
controlled by the diffusion or reactant species through tu,- electrolyte. In other
words, the rate of reaction at the metal-electrolyte interface is far faster than the
rate of diffusion towards the interface. The overall reaction rate IS therefore
governed by the diffusion of species through the bulk fluid, rather than the
reaction at the interface.

Both activation and concentration polarisation can occur at an electrode At high
reaction rates, concentration polarisation is dominant, \\h" tow reaction rates
activation polarisation is the dominant [helm. Conccnt .. , -olarisation is not
usually a factor during corrosion.

The relationship between reaction rate and overvoltaue IS expressed by the
following equation:

·\cth ation polarisation (3)

n :::;overvoltagc
B c:: the Tafel constant

rate of oxidation or reduction in terms of current density
i" ; rate of oxidation or reduction at equilibrium

In practice. 13is typically assigned thl.' \ alue of 0. 1 volt If a ph It of equation (.~)
is shown for a typical equilibrium reaction. thl! graph in Figure 2.17 IS obtained.
The grapli is linear and the lines are the anodic and cathodic polarisation CUl'\,I!S

for the cell in question. It is apparent that small changes in ovcrvoltage produce
large changes III current density.
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2.12.J. Mixed potential theory
Mixed potential theory allows for the prediction of corrosion rates in systems in
which more than one oxidation or reduction reaction takes place. The theory is
based on two hypotheses:
1. Any electrochemical reaction can be simplified into two or more partial
oxidation or reduction reactions,
2. There is no nett accumulation of charge during an electrochemical reaction, i.e.
the rate of reduction must equal the rate of oxidation.

The case of zinc immersed in hydrochloric acid can be used as an illustrative
example of the theory, as shown in Figure 2.28.
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From the ,graph it can be seen that the zinc and hydrogen reaction cannot lit! at
their equilibrium potential values since charge must be conserved. Therefore the
only point at which equivalent reaction rates can occur will he at the intersection
points of the hydrogen reduction and zinc oxidation lines. The current density at
this point of intersection is referred to as L"rr, the critical current density. and the
corresponding overvoltagc . 'ali'lc as E" f'. The value of i"," can then he utilised to
determine the corrosion rate of the system,

In complex systems with more than two oxidation and reduction reactions, the
overall reduction and oxidation rate has to be determined. Fontunu' provides a
more detailed explanation of the principles ami procedures involved,



2. I2.2 Passivi1Y
Passivity is the loss of reactivity of a metal in certain environments. The
phenomenon is due to the formation of a relatively inert film on the metal surface,
The film or passive layer is extremely thin and is estimated to be of the order of
30 angstroms in thickness', Its composition is thought to be oxides and water of
hydration. The behaviour of a metal which does not exhibit passivity under
increasing oxidising conditions is shown in Figure 2.29,

w
C>
C.-!IIroeo
t:-

log i
tncreeslnn i

Figure 2.~9: Behaviout.Pl.11Pn~p'a!h~vemetal.

Metals such as chromium, titanium, nickel and their alloys have the ability to
passivate. The typical behaviour of'these metals is illustrated in Figure 2.30.
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From the Figure 2.30 it can he seen that as the overvoltage is increased above the
equilibrium potent.at, then the current density (corrosion rate) increases as well.
The metal is termed to be in its active state. At the primary passivation potential
Ep!'. the anodic current density achieves its maximum value Ie , the critical
anodic current density.

At overvoltages greater than EI'I'the current density decreases drastically until it
remains at a fairly constant value. In this potential range the oxide layer is stable
and corrosion occurs at a very low rate. The metal is then said to be in its passive
state. As the overvoltage is increased, the passive layer is eventually broken
down at Ep and the current density increases accordingly. This 1') the transpassive
region.

The effect of increasing temperature and acid concentration \)11 passivation
behaviour is shown in Figure 2.31.
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Figure 2.31: The et1ect oftemncrature and acid !;gl1ccntration ol1.naSl'ivation.1

Inct easing acid concentration and temperatures produces a higher I, However,
II'Clss and EI,!,are relatively unchanged. The passive film is stable over a smaller
potential range with increasing temperature and acid concentration. It is therefore
apparent that metals or alloys which have a 10\\ anodic current 'tensity and an
active primary passivation potential will be more easily passivated.
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2.12.3 Galvanic coypj;ng
A gal anic couple is formed when t\VO dissimilar metals arc joined . The more
noble metal exhibits decreased corrosive attack, whilst the less noble metal
experiences an increase in corrosion rate. The mixed potential theory provides an
explanation for this phenomenon. Figure 2032 indicates the behaviour of
corroding metals M and N before and after galvar..,
coupling.
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Metal M is more noble than N and has a lower corrosion rate. When the M and
N are joined, the entire redox system changes, The corrosion potential occurs at
E

C
luplc and the overall behaviour of the system is defined by considering the total

oxidation and reduction rates which occur. E",urk occurs where the lines
representing the .otal oxidation and reduction rates intersect. The corrosion rate
of mesal M decreases to i"'!T(M~N),whilst the corrosiun rate OIl metal N increases
to iCIl!TfM-bJ).



The .mixed potential theory .xu also he used to describe the alloy engineering
teclmk.u» known as noble meta: a.loving cr cathodic modification. ~·hetechnique
extends the range of environments, concentrations and temperatures OWl' which
an alloy exhibits passivity. /:.. review of the field has been performed by
Higginson" and further details may be found in the references.

It has been observed" that chromium ann titanium passivate spontaneously when
galvanically coupled or alloyed to the platinum group metals (PGM). This is due
to the fact that the platin, ~l group metals are extremely noble and raise the
voltage of the CrlTi-PGM galvanic couple into the potential region in which Cr
or Ti passive layer is stable. As a consequence of the change in ovcrpotential
after alloying, the rate of the cathodic (hydrogen evolution) reaction is increased,
hence the term ...iathodic modification. It has been established" that in order for
cathodic modification to be s-iccessful certnin criteria have to be satisfied. The
first oriterion is that the reversible cathodic (hydrogen evolution) potential must
bt e,.l'caterthan the primary passivation potential. The second criterion is that the
cathodic (hydrogen evolution) process must supply a current density which is
greater than the critical current density required for passivation.
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Three cases with different cathodic (hydrogen evolution) conditions are
illustrated in Figure 2.33.
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Eill!:lre 2.33: Requirements for cathodictn()dltl\::,:!'lti:'~!Ll

In case one, intersection of the anodic and cathodic reactions can only occur at
poin_tA. Point A is at a potential below Epp. The alloy will therefore corrode
actively. In case two, three intersection points are possible, Only B and D are
stable, so the metal can exist in both the passive or the active state under
identical environmental conditions. This situation is not desirable since the metal
will not exhibit consistent corrosion behaviour. The third case is one which
satisfies all the requirements for successful cathodic modification. Passivation
will occur spontaneously and the addition of a PGM will be successful. In other
words, the addition of a PGM will modifv the electrochemical behaviour of the
alloy such that overall electrochemical system follows the behaviour of case
three. The requirements for cathodic modification arc only satisfied by the
chromium and titanium alloy systems with PGH additions.

. .
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:?:.12.4Corrosion tests
Mixed potential theory is a valuable tool in corrosion studies. Graphs of
overvoltage versus the logarithm of current density provide useful information
with regard to the behaviour of a metal. Values of Ipa", Ie,Epr , Ep and the range
over which the passive film is stable, allow the corrosion characteristics of a
metal to be determined. In addition, these graphs allow the corrosion rate of a
metal to be measured by means of Tafel and linear polarisation.

2.12.4.1 The linear polarisation method
The linear polarisation method is a common technique for determining corrosion
rates from anodic and cathodic polarisation curves. The principle is based on the
observatior of a region of apparent linearity near the origin of a polarisation
curve. The slope of this linear region is inversely proportional to the corrosion
rate. The linear region typically occurs over a restricted range, as shown in
Figure 2.34.
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It can be shown" that the following relationship exists between the slope of the
linear region and the corrosion current density:

Sl dl' 13"B,·ope;:;: dl(applled) ;;;:: 2.31[B,,+B,.] (4)

Where:
de= potential change from the steady state corrosion potential E,.,,(mV)
di(applied) = applied polarisation current density (uNcm ')
B, = anodic Tafel constant (mV)
Bc= cathodic Tafel constant (mV)
i:= corrosion current density (aNcm ~)

It has been shown" that the Tafel constants may be approximated by B, =B, ~'"
1OOmV to achieve good correlation with experimental results. The use of such an
approximation has been shown to produce a maximum CITor in calculated
corrosion rate of a factor of two, and is within the experimental scatter of plant
corrosion data. In addition, relative corrosion rates rather than absolute values
are generally of more importance in laboratory studies. Equation (4) may
therefore be simplified to the following form:

Sl de 21.74
I.. ope == d/(applicd) == --j-

Rearranging for iyields
. 21.74
I;;;:: slope (5)

A further calculation is required to convert i to a corrosion rate. For stainless
steels, a current density of 1,lA.cllr:) corresponds to a corrosion rate of
approximately O.Ollmm per year.
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2.12.4.2. Tafel extrapolation
Tafel extrapolation is another method which may be used to determine corrosion
rates from electrochemical potcntiodynamic corrosion tests. During
potentiodynamic tests it is found that in the absence of an applied current, the
measured potential corresponds to the corrosion potential of the test specimen in
4!le test media with respect to the reference electrode. If a current is applied then
the graph of potential versus the log of the current appears as shown in Figure
2.35. The curve of app!ied current is non-linear '1t 10\\' CUrrent" but becomes
linear as the current is increased. The linear region is referred to as the Tafel
region. Extrapolation of the Tafel region to the corrosion potential E,olT provides a
value for iC01T at the point of intersection. The main restriction of this method is
that the Tafel region must extend over at least one order of magnitude to achieve
reliable results for i~QIT' Additionally. the method can only he applied to systems
in which one reduction process occurs. If more than one reduction process is
present; then the Tafel region becomes distorted. The advantages of Tafel
extrapolation are that it allows for the measurement of extremely low corrosion
rates and provides good accuracy',
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Figure 2.35: Ap'plied CUtTent cathodic polarisation clirve of a C{)ITodin,gmetal
showing Tafel extrapolation..:,1 .
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2.12.5 Con-asian of tile Fe~40Cr al1()v~
Interest in the Fe~40Cr alloys can be generally attributed to the work of
Tomashov and Chernova" who studied the passivation behaviour of Fe-Cr-Pd
alloys with varying amounts of chromium. Tomashov determined that the
optimal effect of a 0.2%Pd addition occurred ...t a chromiu.n content of 40
percent (Fe-40Cr-O.2Pd). These results prompted further researcn in the Held,
and Higginson" and Streicher" found that the substitution of Ru instead of Pd
yielded similar results in sulphuric acid ~ lutions, The lower cost of Ru relative
to Pd was a motivating factor.

Initial corrosion tests were on the binary Fe~40Cr or Fe~40Cr~O.2Rualloys and
were conducted in H2S04 and Hel environments", These tests concentrated 011

general corrosion, and no localised corrosion tests were performed. The work of
Higginson" provides some information on the behaviour of the Fe~40Cr-Ru
alloys with varying Ru content. It was found that Fc-40Cr-O.lRu and
Fe-40Cr~0.2Ru alloys underwent spontaneous passivation in O.SMHel and O.SM
H2S04 at 25°C. The addition of O.2~/oRuwas found to be more beneficial than
0.1~,1JRu,and the potential-time curves are shown in Figure 2.36.
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Higginson, Newman and Procter" studied the passive films on the Fe-40Cr-Ru
alloys by Auger spectroscopy. They were found to be similar to those formed in
conventional stainless steel, and were not enriched in Ru. Only in conditions of
borderline passivity (in which the passive layer is only metastable) did Ru
become the major alloying constituent of the film.

Tullmin' conducted a fairly comprehensive study on the general and localised
corrosion characteristics of Fe-40Cr alloys, with and without Ni, Mo, Cu, Nb
Ti, V and Ru additions. Comparisons were also made with alloys available IJIl a
commercial basis: 9041.., Hastelloy C276, 316L, AL29-4C and AL-6XN. The
test solutions used were 1(I volume percent de-aerated H2So., at 30(\C and 20
volume percent de-aerated I:hSO., at 40llC (with 100ppm KSCN).
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The latter solution was utilised in order to obtain satisfactory active to passive
polarisation behaviour in the alloys which contained Mo. For accelerated
electrochemical pitting tests, Tullmin utilised 3 percent NaCI at 60°C and
industrial etiluent at sooe. Crevice conosion tests were conducted in de-aerated
3.5 percent NaCl at 30°C. In the study, the compositions of the passive layers
were examined by means of XPS surface analysis. The results of the study
indicated that simultaneous additions of two percent Ni and two percent Mo were
essential in producing general corrosion resistance which was comparable to the
commercial alloys. Binary Fe-40Cr or Fe-40Cr-Ni alloys were found to have
lower corrosion resistance than 316L in the test environments. The addition of
0.2% Ru alone was find LO only have a limited beneficial effect i.e. 2%Mo and
2%Ni alone were as good as O.2%Ru alone in certain environments. Some of the
results of the study are shown in Figures 2.37 and 2.38.
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Figpre 2.37: General corrosion rates of Fe-40Cr alloys and commerci 1 stainless
steels in 10% HryS04 at 3_~£..3
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Figure 2.38: General corrosion rates of Fe- 40Cr alloys and commercial stainless
steels in 10% H2S04 +100ppm KSCN at 400C.3

The pitting and crevice corrosion tests in the study' indicated that Fe-40Cr alloys
without Mo additions had poor resistance to pitting dud crevice corrosion. The
presence of Ru was found to have only a minimal beneficial effect on pitting
resistance in the test enviromnent. Some results are shown in Figure 2.39 .
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Tullmin' found evidence from XPS (X-ray photo-spectrometry) analysis that
CrO(OH) and water of hydration were the main constituents in the passive layers
of the Fe-40Cr alloys. No Ni, Mo or C:;. enrichment was observed in the layer.
Mo enrichm- nt was only found on the surfaces during active dissolution. This
enrichment was thought to be responsible for pitting resistance.

The standard addition of 0.2% Ru to the Fe-40Cr alloys' was a direct
substitution of the 0.2% Pd utilised by Tomashov". Since the platinum group
metals could exhibit differences in behaviour, Potgieter and Van Bcnnekom"
conducted an investigation as to whether this amount of Ru was the optimal
value for maximum corrosion resistance. Tests were conducted in de-aerated ten
mass percent H2S04• The Ru content was varied between 0 and 0.2 percent for
both Fe-40Cr and Fe-30Cr alloys. The findings of the study arc shown in Figures
2.40-2.43.
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Figure 2.40: Potentiodynamie responses of Fe-40%Cr-Ru alloys in 10% H~S(}lat
25!lC. 51
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Figure 2.41: Potentiodynamic responses of Fe-30%Cr-Ru alloys in 10% H2S04 at
250C.S1
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Compared to the base alloy, additions as low as 0.06% Ru were found to induce
spontaneous passivation in the test solution". A Ru content of 0.15 percent was
found to produce the most noble open-circuit corrosion potential value as well as
the best overall corrosion resistance. This behaviour was observed in both the
Fe-40Cr and Fe-30Cr materials. The Fe-40Cr and Fe-30Cr alloys exhibited
similar characteristics in the test solution, The investigators felt the cathodic
modification of the Fe-30Cr alloy would be more appropriate due to the fact that
the technology already exists to produce the Fe-30Cr alloys on a commercial
basis and only a minimal improvement is gained by increasing the chromium
content.

At the time of this study it appears that no research is availai lk comparing the
corrosion characteristics of' HIPped or powder metallurgical steel and
conventional Fe~40Cr alloys.
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2.12.6 Sjml13".Dh.afiC and corrosion rc!iistml£\!,
Although it is generally accepted that the presence of sigma phase is deleterious
to corrosion resistance. minimal information is available on the effect of the
phase in the ::orrosion of Fe-40Cr alloys. However, some workers have examined
the effect of sigma phase in duplex stainless steels.

Wilms et al? investigated sigma precipitation in a Fe-25Cr-7Ni··Hvl11-0JN alloy.
The investigation was mainly concerned with the crevice and pitting corrosior. of
til., alloy in artificial and natural sea water. In a-ldition, the effect of the sigma
phase on impact toughness was also examined. In their work, Wilms et al
described a technique fOt' artificially induced crevice corrosion. The results of
the polarisation scans arc shown in Figures 24,l~2.45,
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EbJ is the potential value at which a current density of 1OtlAcl1r~ is reached. L j"
the largest anodic current den ...ity measured while increasing potential. before
passive behaviour is attained
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Critical crevice corrosion temperature «(,C1') is defined as the highest
temperature ;It which a material remains free from crevice corrosion. The
significant dec.ease in impact toughness with increasing sigma content is also
apparent in this graph.

This work" indicated th-t as the amount of sigma phase increases, the resistance
to localised corrosion decreases. This was shown in the continual drop of the
CCT with sigma content. Local corrosion was found to "Iriginate at regions
adjacent to the sigma phase and was postulated to be due to '- rand Mo depletion
of these zones. An important point raised was that sigma phase tends to have a
far more dramatic effect on the impact resistance of the steel than on the
corrosion resistance. In other words, a steel with sigma phase would be rejected
on the grounds of poor mechanical characteristics long before the deterioration of
corrosion properties became a factor.
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potgieterS3 investigated the influence of sigma phase on the general and localised
corrosion resistance of 2205 duplex stainless steel. The test solutions were ten
mass percent H

2
S04 at 2SoC and 3.5% NaCl. The effects on general corrosion

are shown in Figure 2.46.
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It was shov i that even at a sigma content of 31 percent, the alloy did not
undergo active dissolution, and E"'IT remained positive in all cases. No active
peak fonnation was observed. The corrosion rates for all alloys were very low
and.Potgieter deduced that even a sigma content of as high as 21 percent did not
significantly affect the corrosion resistance of the steel in the test environment.
No explanation was offered as to why the steels with 6-170'0 sigma had a lower
corrosion rate than the sigma-free alloy.
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The results of localised corrosior tests in Nael showed a significant difference,
as shown in Figure 2.47.
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Eco'l' occurred at lower potentials and the pit initiation potential was lowered
dramatically. Considerable impairment of localised corrosion resistance in 3.5~o
Nael was therefore found in alloys with the sigma phase. It was concluded that
sigma precipitation was far more delete '!f1US on localised than general corrosion
resistance. Potgieter observed that pitting occurred in both tIle ferrite and
austenite phases, and not in the ferrite only: This is in agreement with Wallis~'
who found evidenc ' that pit nucleation was due to an impairment of ' ...passive
layer at l:lt.~ intermetallic phase boundary- This was attributed to lattice
irregularities and mismatch, UI!d not to the depletion of certain elements in the
matrix, as is commonly held",
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2.13. The mathematics of d:}J.!!!.. .!\

The behaviour of many 'C! state processes such as phase change and
homogenisation is governed hy the rate of mass tra-sfer or diffusion within that
state. Diffusion usually occurs down a concentration gradient and always down a
potential gradient, in order to reduce the free ener~,Vof the system. An example
is shown in Figure 2.48 which shows a mel '\1slab with the ends A and B held at
different concentrations CII and l\ where C ':> C I' Matter will therefore flow
from region A to region B down the concentration gradient. The problem of
mathematically describing the diffusion process was first attempted by Fick in
1855.
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Direction of diffusion down concentration gradient.

Figure 2,.48: Basis fqr derivation ofFick's first 1aw\:',

Pick's first law is defined as:

Where:
J is the flux of material parallel to the concentration gradient (kg.1ll,2.S"I).
D is the mathematical constant referred to as the diffusion coefficient (m,2.s"I).
C is the concentration along the x axis (kg m"),
x is the position along the x axis (m).

Equation 6 therefore states that the flux across a given plane is proportional to
the concentration gradient across that plane.

Fick also proposed his second law which provided a mathematical relationship
between concentration, position and time.
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Fick's second law is defined as:

DC a ec
at == aX (D ox) (7)

Where:
t is time (s),
D is the proportionality constant referred to as the diffusion coefficient (m~.s·l).
C IS the concentration along the x axis (kg.m').
x is the position along the x axis (111).

The negative symbol in equation 6 indicates that diffusion occurs in the direction
opposite to the concentration gradient, The matlw'" -,tical reasoning and
derivation of equations 6 and 7 is given in reference 56

It can therefore be seen that the description of many situations involving
diffusion involves obtaining and solving the appropriate differential equations.
The solutions to Pick's first and second laws are highly dependent 011 the
selection of the initial mathematical boundary conditions. In many cases the
solutions are not trivial, and require an in-depth knowledge of advanced calculus
and algebraic techniques. The work of Crank" provides an excellent insight into
the mathematics involved. Additionally, an analytical solution is not always
possible and numerical methods often have to be employed. Certain illustrative
applications of Pick's laws will be discussed.

A k.-owledge of the diffusion coefficient D is necessary to calculate the
parameters of many diffusion systems. The value of D has to be determined
empirically for each particular diffusion system. Fortunately thirty
comprehensive tables for D arc available in the literature". The value of D is
highly temperature dependent and the variation with temperature may be
calculated according to Equation 8.

(8)
Where:
D is the coefficient at temperature T (m·2.s·I).
D" is the frequency factor (mvs").
e is the base of the natural logarithm.
Q is the activation energy for the diffusion process (kl.mole")
R is the universal gas constant (8.314 JKI.molc·i).
T i· the temperature (K).
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2.13.1. The Kirkendall Effect
It is known that metals of a uniform composition experience random
self-diffusion" which is best measured by the tracer self diffusion coefficient D*.
However, when a binary alloy is joined in a couple with a pure metal the
diffusion coefficients in the alloy are not the same in each component of the
couple. This effect was first observed by Kirkendall in 1947<;x. In Kirkendall's
experiment a rectangular bar of brass(700o Cu • 30% Zn) was wound with
molybdenum wire, to mark the original boundaries of the brass, and then plated
with pure Cu. A diagram of the couple is shown in Figure 2.49.

Copper-;

"

Brass

Figure 2.49: Diffusion c()uple,lh';ed bv .Kirli£mialt~R

1
d

1

After successive anneals the distance d, defining the width of tile brass, was
measured. It was found that d decreased monotonically with time. The shift could
only be explained if the flux of Zn atoms outward past the mrrkcrs was greater
than the inward flux of e1.1 atoms Le, D"11 ::> D,u. It therefore ti.)UOWS that for a
diffusion couple involving metals of different composition a more general, overall
value of D is required. It can be shown" that chemical diffusion coefficient Ii
may be defined as follows:

\V'here:
1) is the chemical diffusion coefficient (nr~.s·l).
Di and Dz are the diffusion coefflcients of metals 1 and 2 lnr:!.s·l).
N, and Ns arc the mass fractions of metals 1 and 2 in a binary alloy.
/) provides an overall diffusion coefficient value for a particular diffusion couple.
Equation C) is often referred to as Darken's equation and is only valid for
isothermal diffusion in an infinite couple or in dilute solutions.
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2.13.2. The infinite diffusion counle
The infinite diffusion couple is one of the simplest appncauons of Fick s second
law. An example of an infinite diffusion couple is shown in Figu.e 2.50, where
the boundary between the bars is at X""'O. The couple is infinite in that the bars are
considered to be of infinite length and their ends do not change composition with
time. The concentration profile m~y,be (~alcl1l~t~dby solving:

('( (' r'(
('":(= tx(D r~.i)

for the following boundary conditions:
C'-" 0 at x<O and t=O
C""'C" at x>O and t=O

It can be shown" that the solution is:

C(x,t) := O.5C,,[1+ erft 'l :_j' .)] (l0)
.:.~ )(

Where:
erf is the er lor function.

Equation 10 is only valid for infinite systems and short diffusion times, but may
be used as a first order approximation for certain diffusion systems which satisfy
the boundary conditions. Equation lOis ShO'VIl graphically in Figure 2.50 which
indicates the concentration profile across the couple.

1.0,---- --- _,-----,---.....-

o
x

Figme 2.50: Normali~d cQnc~11trati2Jlprofile pr()dll~.~.9j)\' dmll~i~n in .an infinit~
diffusion couple.~:
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2.l3.~. The mathematics of homo genis at ion
Although the process of homogenisation is extremely important in metallurgical
systems there are few references to mathematical models in the literature. Rhines
and Colton" performed some of the (..urlicst work in the field in 1942. However,
other workers such as Karlsson", Aaron'" , Arunsingh'", Purdy'" and Heckel'"
have provided some results and approaches to the mathematical solution of the
homogenisation problem A number of these approaches have involved the
kinetics of secondary phase dissolution in bulk a11oys61.(,3.(,5. Arunsingh'", Heckel"
and Larsson" have suggested models which may be utilised in powder
metallurgy systems. The three powder metallurgy models pre relevant to this
study and will be described in further detail.

Certain assumptions arc common to all three models. All diffusion is assumed to
occur in a single phase i.e no phase changes occur during homogenisation and a
spherical powder particle model is assumed. The spherical model is employed
since Fisher and Rudman" found that such an assumption provided a valid
approximation to the behaviour of many real systems. Additionally, the spherical
geometry allows for certain simplifications in the solution of Ficks second law
equation. It must be mentioned that models also exist for cylindrical and planar
particle shapes", although these models arc not as commonly utilised.

1
I~
I
I
j
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(11)

Figure 2.51: 1\lUn.§ingh's mode162•
Co = concentration (%) of A atoms within radius a. C,= 100 % before
interdiffusion begins.

\

I
I
I

Arunsingh's model" assumes solvent atoms of type A within a sphere of radius
a. The solute atoms of phase B lie on the shell outside (Figure 2.51). D is
assumed independent of composition. If the origin is taken as the centre of the
solvent matrix and spherical coordinates are used, Fick's second law equation
become-:

putting U=Cr reduces the equation to:
f1C (l2U
[ii=D( (lr2 ) (12)

For the following boundary conditi-ns:
U""Oat r d for all t
U=O at r= 1I ~, a t (since C=:Oat r=o)
U==Gor at t= t'n 0<1 '....

the solution can be shown to be:
, ex; ( 1)" _,,2,,21'1

C- 2a( ,,)' 1---- in nllr -~- - n:r.... n Sl a e (13)

where n is a natural number.
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Since subsequent terms ill this infinite series decrease rapidly, only the first term
in the series need be retained. Therefore for l~rge t, the solution becomes

-n~Dt

C- 2aC) . nr -,;2-- ---;v:-sm (/ e (14)

which (for f-> 0) finally reduces to:

a2 1 2('"
t ,,= Drr2 oge (15)

Where:
D is the diffusion coefficient of metal B in metal A.
C is the concentration of metal A at the centre of the sphere at homogenisation.

Equation (15) provides an expression for the time at which the centre of the
spherical particle achieves homogeneity.

Arunsingh evaluated the model by comparing its results with those obtained by
experiment. In a trial involving the homogenisation of compacts composed of 56
atomic percent Cu and 44 atomic percent Ni, the model predicted a
homogenisation time of 5.3 X 105 seconds. This was less than the reported
experimental time of 2 X 106 seconds. The agreement was considered to be
acceptable in light of uncertainties in the actual particle size and solute
distribution",

67



Solute
Ma trix '\.. ~ ..... ..._
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across bOlJnli,uy Center of

symmetry

I O.SL

_Jure 2.52: Heckel's mode!."1

As shown in Figure 2.52 I Ieckel's model" assumes a sphere of concentration Cn
and radius 0.5/" surrounded by a shell of radius 0.5L and concentration CA. Th
model assumes CA=O and Cg=l.O, i.e. strictly speaking the model should only be
applied to mixtures of elemental powders. However, it can be shown that the
model may be utilised for mixtures where 0 < CA < CIl < 1.0. Heckel took a
different approach to solving the homogenisation problem by defining the
"degree of interdiffusion" parameter F. The parameter is the ratio of mass
transferred across a spherical surface at radius 0.5l", after a diffusior time t, to
the mass transferred at t ::= 00.

(16)

In the case or complete homogenisation f\= 1.

68



with '(he following boundary conditions:
C C'll for ()$ 15: 0.51
C c, it)!' O.51~ r ~ 0.51.
U'- 0 at r 0 and r 0.51,
(~"

(. the mean composition of the compact (h'. The (~:.expression is valid for
C"",,O and elf 1.
Cmax occurs at FO and Cl11m occurs at r 0.5t.

Using similar reasoning, Heckel obtained expressions for cylindrical and planar
geometries. The expressions are shown graphic.dly in Figure 2.5~.

F O.S

F

sphGriCal

"'t:w-'-"".L-l_'b!mM-.&~ ..U..L.I..u~...l.<_'

102 16'
5t/l~

.Eigl!fg~_,,5.~tJ.Inmllli!:rr!L'iEI.tiJm~h~h~!yj.(}BLf}(12!millL..~lin~1I'i.~\.nU!!l(t.tmhgr~o:}J.
J1 cIs in tql'l!!.B...Qi!h~$jellLeQ"n(!!!t~.r<1!mt~i('1LE,..mL:lJ1m~ti(.)n}'f!lf2I:11mli:-;ell.
hQnl()g~1~illli2!lJim~"Jm:.Ynrilm;5JJw:lg£[ltllJ1! ),:.;iti.t!.n~.T~·.~::



Due to the similarity of the curves, Heckel derived a general expression which
approximated the behaviour of the spherical, cylindrical and planar geometries.
Th.s general expression was:

where:
n is the geometry factor, n;:;1,2,3 for planar, cylindrical and ~ -herical geometries
respectively.
Y is a function of' C as shown in Figure 2.54.

Equation 19 (plotted in Figure 2.54) provides a general description of the
homogenisation problem and includes most of the signiflcant variables involved.
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0 .;1 . I

10~Z
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~"~: : : ~o : 01 : o~ ~

Comparisons of the model with numerous experimental data were performed,
The comparisons are sl-own in Figures 2.55-2.56.
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----------------~~---------------------.,

The comparisons ()r the concentric sphere models were found to be useful in the
prediction of the relative effects of the major process variables. Absolute
predictions of the degree of homogeneity wei, found to be too low when the
degree of homogeneity was 11m:and too high when the degree of homogeneity
was high. These deviations were attributed to the fact that the model assumes
thai the minor elements are surrounded by a continnous matrix of major elements.
In practice, non-ideal mixing and the presence of localised groupings of
contiguous particles are unavoidable.



2.13.6. Larsson's homo,llenisation tn_odel

No mess transport
o ct css boundary Center of

Matrix

.I a

Figure 2.57: Larsson's model ofhm!lQ1~!!i~llilli..(·(·

In Larsson's model" of a sphere of radius b enclosed by a shell of radius a
(Figure 2.57), the following definitions are required:

c is the concentration at any time t at any position x (arbitrary 1.nits).
C, is tl ~ concentration of solute in the shell.
C is the average final concentration in the alloy (arbitrary unir-».

C:::: .:..:, X::;-: ~ ; T;::: ~~ (T is normalised time). .
o

Fick's second law transforms to:

The following boundary conditions were assumed:

At X=·O.at.ldx-i, .Cj\~:",0, for 1'>0.c. -. .
With the following starting conditions:
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Larsson employed a finite difference approximation to equation 20 and arrived at
the following solutions tal' homogenisation at the centre and boundary of the
sphere:

Centre: (21)

General: Cj~1=K(1-~)Cll~~I+(1-2K)C{1 +K(l+~)C~ (23)
K=N2I.\T

where:
n=1,2 ...N-l (index for space)
j=0,1,2,... (index for time)
N is the number of nodes or discrete subdivisions used to approximate the
solution to the differential equation.
L\T=0.2S( ~2) (time step)
Homogenisation was considered complete when c.:cntroo·"O.99Cboumlnry. Plots of
equations 21 and 22 for various starting surface concentrations are shown in
Figure 2.58.

FiI\urc 2.5&: C()nc~mratj.Q!L,VLPtil!,l' alqt}l~,li!9.i:!.lSJlf .s.rlwE a!~mjnusJ15)!n9!l~nisatil\l1
times. Relative starting ~![fugU'&Q£f~!ttr.atinnJl\yg!:£:':.illlil1.1h~1CX!.,J.(Il~~::



From Figure 2.58 it can be seen that for various surface concentrations complete
homogenisation is predicted to occur at:

Dt-""'03a;' ••• (24)

The .model therefore implies that the same time is required to remove a "large"
inhomogeneity as a "small" one. Larsson did not compare the model's
predictions with any experimental data, but did provide a comparison with the
planar homogenisation model proposed by Lavender and Jones" (Figure 2.59).
Large deviations in predicted behaviour of the two models were observed. The
deviations were attributed to the choice of different geometries.

1If

0.'
Pillnor

Spht'flcal

0.01
o Q.' 0.2 0.3

Homogllnilotion Time Ot/a2'
C.Io

Figpre 2.59: COlUlmrisOl1 betwcCl1_PL~~!i~tg~tht)nlogel1ifu'1tillllJ)t!hm:iQl,.L1'l:'lsedon
the e.illIatioIl_ofI,avender atl(1.TqJl~'iJm(U~mI§nn2~'U:it1!gy"Nll.mlL~1'c.mllil~,,£11IY9.:'i
show surface concentrations at 12{. ·O.ht._ .._---_._- ...~ (/. _.._.-
Larsson also extended the model to include surface concentration, which varied
as a function of time. However, this aspect is beyond the scope of the current
investigation, since it is primarily applicable to liquid-solid alloying.
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2.14. Summary
The Fe-40Cr alloys possess a number of desirable properties which render them
economically attractive. These alloys, with the correct additions, are highly
resistant to corrosion and pitting in reducing environments. The ailoys therefore
have potential as cost-effective competitors to traditional nickel and cobalt-based
superalloys in corrosion applications.

Suitable heat treatments and nominal compositions for a tough, corrosion
resistant alloy have already been established for the cast alloy. The effect of
various processing parameters on the mechanical properties and formation of
secondary phases has also been studied in the cast f0l111.

The literature survey has indicated that the production of an Fe-40Cr alloy by
meails of powder metallurgy processing and hot isostatic pressing appears
feasible. The composition (If the alloy may have to be modified by the addition of
sigma stabilisers or retardants. This would be required in order to facilitate
powder production as well as to minimise post-Hlf heat treatments. However,
the effect of these additions on corrosion resistance and mechanical properties
would have to be assessed.

The effect of subjecting the alloy to extended periods at elevated temperatures
would also have to be examined closely. This extended exposure would be an
unavoidable aspect of the HIP process.

Certain mathematical models exist which attempt to u.!scnbe the homogenisation
process in metallic powders. The applicability of these models may be evaluated
by comparing their predicted results with experimental data.
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This dissertation is divided into two areas of investigation: the Fe-40Cr alloys
produced from a single composition of powder and alloys manufactured from
mixtures of powders of differing compositions .

.3.1 Alloys produCe(l from "~tsi!lgltU1m.\li~rJ!}Jr_m!m;!inn
This section examines various Ni, Mo and Ru additions to a base -iOCr-Fe alloy.
The effect on powder production, rate of sigma phase formation, response to
Hlf'ping, heat treatment and corrosion resistance is evaluated. The role of
starting particle size, contamination during processing and the effects of HIPping
on the as-cast material are discussed.

Alloys of the following compositions were prepared at Mintek. All melts were
vacuum melted, with the exception of DS-l and DS-C, which were air melted.
Samples of approximately 5kg mass were produced. The compositions are shown
in Table 3.1
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Table 3.1: ComRosition of experimental melts (weight.nercent).

Melt VFA
ID:
390 I -----

391 392 393

Element
"~ I--~-"

C 0 0,01 0.01 0 0_.
Si 0.04 0.05 0.05 0,05 0,06

Mn 0,05 0.05 0.05 0.05 0.05~- -.---~-- -~.--I----. ..~
P 0 0.01 0.01 0.01 0.01

11-----1--------<--- .----- - ..-~",-..-
S 0 0 0 0.01 0.01:r-~--~----_+-------+---.-..__l------~-,,-·-----
Cr 37.9 38 38.2 38,2 37.6

0.6 0,99 1.67 0.02---t-_..--r-----+-----t----~ ---.-------
0.45 O.95 1.34 1.81I~~--~--·~-+·~----+

<0.005 <0,005 <0,005 <0.005
11---1------1----1-- r---~-

0.01 0.01 0.01 t-- 0.01

Element
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~, -.- .- ~~-~. -.- .. z:

Melt lD: VFA

543 553 622!DS.C DS-1
Element =t=-~, ........_ ...

C 0.015 - - 0.07

0 .1 . - .
0.0041._

__ ..--.J..__. --
N - . . ..._---- -----Cr 39.7 39 40 36 35.7--- _. ,,-
Ni 2.40 2.4 2 2 2.56

Mo 3.80 2.1 2 4 4.35

AI I) 010 3.2 - 0 0~ --..~ 1---'--1----'-'--
Nb 0.4 0.4 0.4 - -~ ----e--~Si 010 0.1 - - 0.6

Ru 0.21 - 0.15 025 0
Fe balance balance balance balance balance

-...--.--....--..-"-..::::=.==..==::..:.:~==...=--......~.:....:::~~~=.

Table 3.1: Composition of experimental melts (continued).
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3.2 Alloy descriptioi.

Prem V was an Fe-39Cr··2Ni-2Mo alloy derived from the work of
Premachandra+". This composition was used as a basic starting point from
which other alloys could be developed.

"FA 390-395 were Fe-38Cr alloys with variations in Ni and Mo content. The
amounts of Ni and Mo were varied between 0.02 and 2.3 percent. No additions
of stabilising elements or platinum gr -ip metals were made. These alloys were
used to ascertain the minimum Ni all... Me. levels which would be required in
order to produce a readily sigrnatised mate 'jal suitable for powder production.

VFA 417,419,420,423 were Fe-37Cr-2.4Ni-4.3Mo alloys with additions of Ru
and lr. These alloys were produced to examine the effect of different
combinations of Ir and Ru on corrosion resistance. The Mo content was
increased in order to improve pitting corrosion resistance, as well as promote the
formation of sigma phase Great ..r amounts of Al and Si were added than in the
VFA 300 series. No stabilising elements were added.

VFA 422 Wt\S an Fe-37Cr-3Ni-·tMo alloy with 0.1 ~'oRu, and was used to
ascertain the effect of increasing both the Ni and Mo content simultaneously.

VFA 487 was an Fe-36Cr-2.3Ni-2Mo alloy and was used to establish whether a
decrease in Cr content would lead to a ,,'"nificant reduction in sigma phase after
HIPping.

VFA 543 had the nominal compos.uon Fe·40Cr-2Ni-4Mo with an addition of 0.4
percent Nb.

VFA 553 had the nominal composition Fe-40Cr<~Ni-4Mo with an addition of
3.2 percent AI. The Al (which inhibits sigma formation) was utilised to determine
if an inhibitor could be introduced as part of the alloy composition, whilst sri'l
allowing for powder manufacture.

DS-1 and DS-C were air melted Fe-36Cr-2Ni-4Mo alloys. DS-l and DS C were
produced in order to determine if air melting techniques could be used as a
satisfactory alternative to vacuum melting DS-C contained an addition of 0.2
pc.cent Ru.
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VFA622 was a 2NiQ2Mo~0.4Nb~().;m.uw-+OCralloy. It was decided that increasing
the C1'content to 40('r would improve corrosion resistance without significantly
increasing sigma phase formation An addition of 0..111(;NIl was included in order
to improve intcrgranular corrosion resistance. It was assumed that the 1'% would
tic up interstitial C and N II. the form of Nh carbides and nitrides and therefor, ..'
prevent the formation of deleterious ('1' carbides and mtndes

I
'!
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3.3 Powder producti~ltl

All samples were heated in air to 750°C or 850°C and held at this temperature,
This was done in order to induce sigma phase embrittlemcnt. The work of
Prcmachandra'':" had shown that sigma phase formation was most favourable at
750°('. Consequently, this temperature was used as the basis of most of the heat
treatments.

After heat treatment, all samples were impacted with a hammer. Samples which
were not embrittled were then subjected to hot fbrgmg which is known to
promote sigma formation and given further heat treatments at either 750C'(, or
850°C.

Samples which were clearly embrittled were then subjected to further
communition, Each slab was subjected to an initial communition stage by manual
crushing with a pestle and mortar. The broken-down material was exposed to
further communition in r jaw crusher. The powder was then milled for a period
of thirty seconds iii a vibratory Seib mill and sieved on an nutomated screening
unit. All crushing equipment was visually inspected and dusted and cleaned
before use. The vibratory mill was cleaned ny crushing silica sand in the mill and
removing the silica debris by means of a compressed air stream.

A chemical analysis of the alloy VFA622, before anti after Seib milling, was
made. These analyses were undertaken at Mintek and at the Ultra High analytical
laboratory. Carbon contents were determined by w.t chemical analysis.I

~
.~
:1

'I

I
I

No further heat treating or communition was attempted on alloys which were still
ductile after 121 hours of heat treatment since it was obvious that these allovs
could not be viably produced by this route .

The thermomechatucal processing of each allllY is summarised in Table :1.:.



~
1
;1

I

Table 3.2: Th~!1nome_clmn~J11J)n}!;&s..'Si!11U2!i()r to powder nroqnction

IIVFA390:395"~~H~~~}il~~~I~i!~~i~;;~~'""''''I
I 11 Heated to nco '(' fIJI' 3 hours and then II hot worked (:;(lo 0 reduction)

_.._......_..~__..__......___jl.~~l~~~;~\!.~_;~~;si~~·,l(~':~:;~~~l,E~._.__._...
Vi::A417:"4JCi:--r'rHcat"d to'''i'i(':-.6;(~'fOr..ThO~I.rsa· lICfil;C;-
420,423.487 hot worked ('iOo;,reduction), i

I Slow cooled to 7SH 'C and held
... ~._ J.J_§2J!ler'!!Jliy tl)!.a.Jll!~he! ..~.L~()~.~!~_:_..~...,,~

Vl;'A 42 ~-~- "lr'I'i~)di~;~ih~~;~~~~ij~"t;t'8S(i:;(~"fi;';:"i41~(;llI:~"'"

IHeated to 115f1"(' and hot worked ('iOO 0 i
jl reduction) (It that temperature II

j Slow cooled to aso C and hdd
isothermallv for ~A hours \1~?~~~~~:~~.:.~_~_~·.··:·]r~~eL~:i~.~~O~h~rn~.~:!~:~..15.~~1~~.l~I.I'S-'~~- 11

I)s~i-:I5·s:(~-~·--rTf(;t\~o;ke;l·atri~-(~{-;-t\~dllel(f(it..ss(0(;··11
I for 21 hours Slow cooled tn room II temperature I\)I:;As~t1~"::::"c:".:::~::rII~~~~~I'~;;,~·~~;::·i:(~:~(l::;(;::~~~II\~;~:·~~;~~;k~d;~;(~;;'I

l::~::_"C~=t~~:~~;::;:;~~"~_;;~:~rt~<g~~,1



3.4 Hot Isostati9J)r~~:iillil
The powders were packed into mild steel canisters, evacuated, sealed and
HIPped at 11200e for a period of four hours. The canisters were cylinders,
20111111 in diameter and 50mm in length. After the four hour dwell period, the
specimens were slow cooled in the IIIP unit. The HIP unit cooled from 900 to
60011(' in approximately gOminutes The particle ;-;ilC fraction» used to produce
the Hll'ped test pieces are shown in Table .3.~ and Figure ~,1.

Table 3.3: Size fr,a(.~tiontU1'i9_~LfbrJ:m11iIm
i!~j~'y. .....LSi?l~,i@£,ti.lU1J.n

;(microns)
:Prem V
I
iDS-!

1:-0' '1' '7';0
<;106
, ,l~

t im;ilcd (See Malvern
analysis) .
lO(I'f'7~

lOf. '1' ·7:-
1(lCd' ·7:-

\:VFA417
},

rVIIA 41'1
iVFA420,
iVFA 4:23
!VFA487
iVFA(12~

10(1 'f"75

212 >f" 106

I
j
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11·5 HC1}t tre,~!mellt al!~Lm~~tll11mlli1l?,h!£exillJlilllition
After HIPping, all specimens were subjected to a solution anneal at 11notle for a
period of two hours. The specimens were then quenched in water at room
temperature.

Specimens were mounted, polished and examined metallugruplncnllv both after
HIPning and after solution annealing. Three different etchants were used during
microstructural examination: Murakami's reagent (for carbides) and
potentiostatic etching (8V) in 5 weight percent KOH and an FeC}r+HCI mix for
the general microstructure. Ferrite is revealed as dark brown areas by the
FeCh+HCl etchant, whilst sigma phase is not attacked. The composition of the
I:eCh+HCl mix was' 5g FcCh .MhO I 50ml HCI(55%) + lOOml IbO.

:i.(L!i<ml tn~£l.tment_l.m!J1j)Jl!ig}!Lh_gtW,~~llsasLilll!l HL12n..~!i~YEA{!fl
A trial was undertaken to determine if there was any difference between the cast
and HIPped materials when subjected to the same heat treatment. A small
15xlOx.2mm specimen of the cast VFA622 material was solution annealed, then
HIPped, to determine the effect of the IIIP thermal cycle on a sample which was
initially free of sigma. To determine the cl.Tl.!ctof repeated exposures to the HIP
thermal cycle, a fully-dense specimen of I IIPp~d VFA622 was deliberately
HIPped for a second time. The micro st. uctures and hardness values of the cast
and H.IPped materials were analysed by optical microscopy and a Vickers
hardness tester.

i
J
~

I
I
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3.7.Examination ofhardllcss versus time at 750l1C
For the majority of the trials in this study the embrittlement of the high chromium
alloys during heat treatment was characterised on a qualitative basis. Test slabs
were hot rolled at l0500C to a 50 percent reduction in thickness. These slabs
were then held isothermally at 750°C. At various time intervals the slabs were
removed from the furnace and struck with a mallet. If the slab fractured easily.
the material was deemed sufficiently brittle to allow powder production by
vibratory milling.

onu
000(1 1

In order to provide more quantitative data on the degree of embrittlcment with
respect to time at 750"C, two melts were made up with compositions shown in
Table 3.4.

Taple 3.4: COlllIlositi'pnof exn.9.rimentai nJ.clt§VfA647 <md VFA654 (wt%2.
.' . .. jVFAtl,n . [VFA654 i
C 0.012! 0.010 I
;~i ! ()07] ~§()()I

I ~)o:;! 0.051
".'j' ....."',..,,,...+..,...,-.,.-.-"..,,~.;

0.007! 0.010 I
• I

O.O(l] ! 0003 r

36.61

., Ic)!
-. I

I
186:

O.O()5 :
!

0.016 i:

Mo 1.86

Al
(\ 002 !

I
(l 022 !

I

V

Ti
Nb
Fe

••• 0.

N

u 01 :.
o O()5 •

I

<;0 005 i
582[

·············1
00031

Both alloys were nominally 36Cr~2Ni-2Mo-1:e alloys, and were produced in
order to examine the effect of lowered chromium content on the rate of
embrittlemcnt.

The use of hardness values is considered an appropriate technique to estimate the
degree of embrittlement of these high Cr alloys. As the percentage of brittle
sigma phase within the microstructure increases, the hardness increases.
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A small test piece approximately 1x Ix2cm in size was cut from each hot rolled
parent slab. These test pieces were then held isothermally at 750°(', At various
intervals each specimen was removed from the fumace and quenched in water.
The Rockwell C (Hkc) hardness of the material was measured and then the
specimen was then retumed to the furnace for further heat treatment. VFA647
was heat treated for 89 hours, whilst VFA 654 was heat treated for 12 hours.

3.8 Extra communition of VFA543(24h)~(SPOOI0121
The effect of starting particle size was examined by subjecting the VFA543
powder to communition in a ball mill. The mill charge was 200g VFA543,
1800g steel milling media and 500ml acetone. The mill period was 24 hours. The
cylindrical mill body has an outer diameter of i65n1111 and a length of 14Smm.
The speed of rotation was 45 r.p.m. The mill body is fabricated from a steel of
unknown composition. The milling media were steel balls with a diameter of
1lmm. The spherical milling media were analysed chemically and
metallogrephically to ascertain a possible influence all the composition of the
powder during the milling process. Drying was performed in ail', for a period of
15 hours. No screening of the powder was carried out.

Samples were HIPped, solution annealed at 11OOoC for 2 hours and quenched
in water held at room temperature. The specimens were subjected to
metallographic analysis.
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3.9 Experimental procedure for potentiodynamic corrosion tests
Tests were conducted at the Mintek corrosion laboratory (Physical Metallurgy
division) on an Auto'Tafel potentiostat. Scans were performed on small disks
approximately 15mm in diameter and 3mrn thick. All surfaces were polished to a
1200 grit finish, and were cleaned with acetone prior to testing. Two test
environments were selected: 10 weight percent sulphuric acid solution at room
temperature and 70 weight percent sulphuric acid at 50"C. Distilled water was
used to make up the solutions. The solutions were not de-aerated and were
exposed to the atmosphere. When placed in the test medium the mounted
specimens were allowed to stabilise to the equilibrium corrosion potential E_,lIT,
Scans were conducted from 100mV below E""IT to 700mV above E"'IT at a scan
rate of 12mV per minute. A fresh solution was supplied for each test. All results
are referenced with respect to the standard c310111elelectrode.

Some investigators prefer the use of de-aerated sulphuric solutions. However,
this is very much an artificial condition. De-aerated solutions are not commonly
encountered in many industrial environments. These trials are aimed at
determining relative corrosion behaviour between different alloys. and the
determination of absolute corrosion rates is not critical at this stage. He-ice the
use of the sulphuric acid solution exposed to air and conducted at various
temperatures is felt to be sufficient for this purpose.
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3.10 ExneriJnental proccQure for field trials
Laboratory tests provide valuable information on the corrosion characteristics of
an alloy. However, the best indicator of the behaviour of a particular alloy under
service conditions is to run an actual Held trial. Field 'rials expose the mate . t to
environments which cannot be simulated in the laboratory. It was suggeste., that
a test component should be manufactured out of a Fc-40Cr alloy and subjected
to field trials.

A suitable application was found in an industrial leaching process. Components
known as "spring locks" were manufactured. Each spring lock is approximately
20mm in diameter and 20mm in length as shown in Figure 3.2. Although exact
details regarding the leaching process are not available, due to the proprietary
information involved, some factors can be mentioned. It is known that the spring
lock is subjected to alternating- streams of concentrated nitric and sulphuric acid
at boiling point. These streams move at a high velocity relative to the surface of
the springlock and are further agitated through the addition of air bubbled
through the solution. This environment is very aggressive and 904L
superaustenitic stainless steel is the material currently utilised for these
components.

Two test springlocks were manufactured I"lt of alloy VFA622 (HIPped twice)
and solution annealed at 1100oC. Maclnning 'Was performed at Ultra High
Pressure Units Engineering. No problems were reported during the machining
process. One spring lock was immersed directly into the corrosive solution whilst
the other was placed in close proximity to the solution where it was exposed to
only the corrosive fumes. Reference springlocks of the same dimensions ad
geometry were manufactured from 9041, stainless steel and were placed
alongside the experimental springlocks. This ensures exposure to identical
environmental conditions. Periodic mass loss measurements and visual
inspections were conducted \)11 the different materials.
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Figure 3.2: Experimental springlock used in industrial field trial.
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3.1 ~. Duplex powders
Thissection examines the effects of mixing highly alloyed Cr-Fe powders with
powders of dissimilar composition e.g. pure iron, 316L and Hastelloy C powder.
These duplex powders mixtures were HIPped and the degree of the interaction
between the different powder particles was observed. The influence of the
various powders on sigma forrration, microstructure and corrosion resistance
was evaluated. Different methods of mixing the powders were utilised, and SEM
analysis or the diffusion zone between dissimilar particles was performed.

There are two disunct goals in experimentation with duplex powders. Firstly, the
possibility of inhibiting sigma phase formation with the addition of retarding
agents such as Al and Fe. The second goal is to manufacture a synthetic duplex
stainless steel alloy by mixing the austenitic and ferritic phases together This
should combine the advantages of the separate ferritic and austenitic starting
materials and allow the various phases to be present in pre-defined proportions.
Some advantages associated with duplex stainless steels are excellent resistance
to stress corrosion cracking, resistance to localised corrosion and pitting, good
mechanical properties and a lower nickel content than the austenitic stainless
steels.

3.12. Inhibition of sigma phase formation by mechaI)ical mixin~
3.12.1 MechC''1icalmixip.gwith 2%£\.1(SPODIOOS)
A 200 gram batch of Fe-4Mo-2Ni-2AI (SPOOIOOS) alloyed powder was
mechanically mixed in a ball mill at Ultra High Pressure Units. Mill dimensions
have already been described in Section 3.8. The mill body and mill media were
cleaned in acetone, prior to usc. The Prem V alloy with extra Fe additions
(SPOOl008) was milled with the same parameters. A Malvern particle size
analysis of the milled and starting Fe powder used 111 SPOO1008 was performed.
The mill charge make-up for SPOO1005 and sroo 1OOSis shown in Table 3.5.
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The powder W(\~ dt icd 11)1'16 hours in air and packed in a scaled plustic
container. No screening ofthe powder was carried out.

The powder was cm:apsulat\!d in a ;!Omm diameter mild steel tube and 1Ill'ped.
A circular t·l'l,;,~.scctinnal sample, al'pn~xjmatdy .imm thick, was cut from the
HIPped tube. The sample W'IS solution annealed at 1JOO"l'. mall, H\l' a period \11'

two hours at Mintek. Th"; \\as ti.lllow\!d by qllt.:m:hill!:~in water (1\ \\111

temperature ).

Mici'ostrucmml examination and IWh;nti(ld~nainic corrosion tt..':->t;IW {in HI and 10
volume percent sulphu. iI.' w:i:i) of h\lth the us-l HPpt:d and 'ion annealed
material waR perfortw;ti.
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.3JJ.Jll,!.~addID.!!!l of l~xtmFc ~o:l mgJ VJ:A6:?;Ll}y hat}d mixi!:!g

\dditions of Fe powde. were made to VFA543 and VFA622 powder, The mix
-uios arc shown in Tables 3,6·3,7. No communition or milling took place. The
powders were <nixed h)- shaking and stirring by hand [()T a period of 4 minutes.
'Ihe mixed powders were then HIPped and solution annealed (llO!yl('. 2 hours.
water quench-room temperature), Microstructures ami the hardnesses of the
alloys were evaluated.



* Ball milled
** =hand mixed



J.14 The mamlfhgtlll:'\LQfasvnth~llf"tt~!Q!~~illh'l
3.] 4.1 Exnerimentnl12!'.gc~dm:~t: ..Jluplex 12o\vdcr!i_
Small (I OOg)batches (if duplex powders consisting of VFA622, 3161. • Prom V
and Hastelloy C were produced by hand mixing. This trial was performed to
determine the suitability of the Fc-40Cr alloys as a possible combination material
with the Hastclloy powders. ThL' combination with the 3161, material was used h)
examine if 3161 could he used with the Fe-clOer alloy to produce a synthetic
duplex stainless steel with predetermined proportions of the austenite and ferrite
phases. Required quantities of thc powders were placed into a small cylindrical
container (Of) 40mm, length 58mm) and agitated by hand for approximately
120 seconds. I'his was followed by encapsulation and I lIPping under standard
conditions. Short cylindrical test pieces, approximately l Smm in diameter and
3m'l1 thick were parted from the IIIPpcd compact. These pieces were subjected
to solution annealing at 11O(tt' for 2 hours, followed by a room temperature
water quench. Microstructural examinations were curried out in thl! as-HIPped
and solution annealed state. Corrosion tests in 10 weight percent sulphuric acid at
room temperature were performed (In the heat treated spccunens

Data on the 316L and Hastellov C powder an' shown in Tables ~.8~3.1O.
.

])\hl~~l~S,~C:nmnn~!tiJ1!!J1L1HlJ~~UD1Pj.~~!1.nm\lIt.!!',.Hl~.::.~l:1lmHt.!~l}·
Values are weight percentages
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,FU ;!llll 11~ 521
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The i,illowing duplex ullo s \WI\~manufactured: tVulues are in weight percent)
20\'0 VFA6~2 ' 80°1131.,: ~ 50lln VFA622 t :"0"" 3ihl: SO"" VFA(12.? • 201111

,~161., 50° 0 Prem V l SOil" I Iastellov t'
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J.Ji...tl;,miness and mi£rq:!mfJ.]ne~stest!i
Vickers hardness tests were carried out on all specimens, using Ultra High
Pressure Units' equipment. The zverage of three readings was taken. An
specimens were in the final polished condition. A toad of 30kg was used,
Micro-hardness tes.s were performed OIl DS~1, DS-C. VFA54:; and 800.0.316 1

:w% VFA622. A dwell time of 10 seconds was used. The results are an average
of three measurements. The smaller 25 grams force load was utilised on alloys
DS-l and DS ..C in order to produce an indentation which was of a similar size to
the sigma phase precipitates. The micro-hardness tests were conducted at the
University of the Witwatersrand on a LECO M-400A micro-hardness tester.



lliLExperimental nl'09J!durc: SEM cXHlninalioll
1.16J..:.J!lelU!llltI~1 scan~
SEM elemental scans are an extremely useful analytical technique. The electron
beam is eutomatically guided across a pre-determined linear path on the
specimen. As the beam traces the path, the intensities of the Xvrays originating
from the various elements nrc recorded. Relative troughs and peaks in surface
topography are also simultaneously measured. The presence of certain elements
at specific points along the path can therefore be determined. However, tim
technique has limitations. The scan does no: produce absolute values regarding
the elemental content at each point in the scan. Instead, tile content of each
specific element relative to the content of that same clement at other points of the
scan is recorded. Multiple scans on the same path are performed. The greater the
number of scans, the greater the accuracy. The method is most useful when
typical minimum and maximum values are already known. This allows for an
approximate scale to be introduced to the resulting graphs and a rough upper and
lower limit can be established.

Surface w;.")ogra1 ! is largely dependent on surface preparation prior to analysis.
A finely polisheu specimen would hr ! a more uniform topogi aphy compared to
one which is only roughly ground. Identification of hard phases and pn cipitates,
which typically would project above a softer matrix, can really only be performed
ill this method when analysis of surface topography is coupled with visual
examination of the region being scanned. This prevents precipitates from being
confused with other raised regions on the surface,

Polished and etched specimens of 5(1) 0 Hastelloy C .; 50° ,) Prem V, 8000 3161.
'f' :woo VFA622, :0°0 316L + 8000 VFA(l22, SPOOI008. and VF,\()22 i Fe
were analysed on the SEM (model .JEOL JSM-840), Energy dispersive
spectroscopy (EDS) spot analyses were conducted on the diffusion z me of 500 u

Hastelloy C I 50°0 Prem V with a I.INK ANIOOOO system. t Infbrtunately
clements 'below Be, such as 0 and C could not he detected. Similar analyses
were also performed on the phases in 500

11 316LI5()(10 VFA621. The local Fe.
Cr, Mo and Ni content of each material was analysed over lengths of i25·1 nOtl
microns. All analysis of surface roughness or topography was also undertaken.
Since the average particle size~ are all less than 1000 micron: and in most c lbCS

less than 12~'microns, an elemental gradient analysis wlnch IS representative of
the bulk material should be obtained. The electron beam hns a penetration depth
of approximately 1 micron.



3.17. Exnerimental procedure for l1Qtentiodyt:ll!miUi¥R!o~ion tests on duplex
materials
Corrosion tests on the alloys formed from duplex powders wer eonducted using
the same conditions as described in section 3.9. All results ate measured with
respect to the standard calomel electrode. Different specimens of the 80% 3] 6L
+ 20% VFl\622 alloy were used in the 10% and 7mo s 1 ..ic acid solutions.
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4. RESULTS

4.1 Powder manufacture:
4.1.1. Single powders
Alloys VFA 390-395 and VFA553 failed to embrittle sufficiently after over 100
hours of heat treatment. No powder was made from these alloys. VFA 422 did
not embrittle after 24 hours of heat treatment. No powder was produced. All the
other alloys were sufficiently embrittled to form powder. A micrograph of FeCr
powder after Seib milling is shown in Figure 4.1.

,Figure 4~.LMLqLOgran!1(lfE.~,Q:.n(nv(.l~Dartic1es..
FeCI' powders after Seib milling.

4.1.2. Carbon and oxygen anaLYsisgLYl:t\i)22lFe-4Q£r.-2Ni-::U:~1Q~OA.~J11
The carbon content of the as-cast VFA622 material was analysed (h Mintek and
found to be 0.015 weight percent C. After Seib milling the values were 0.024
weight percent C and 0.090 weight percent O2• The analysis after Seib milling
was conducted at Ultra I Iigh Pressure Units.
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9-.:..1.3Duplex powders.
4.1.3.1 Mechanical mixing with AJ ($POO 10(5)
The unscreened VFA543 starting powder has an uneven particle size distribution.
The powder is fairly coarse, with a large proportion of particles over one hundred
microns in size. Only a small percentage is under fifty microns. Micrographs of
the ball milled powder arc shown in Figureg t.4-4,S.

Ball milling produced a normal particle size distribution (Figure 4.3), with an
average particle size of four microns. Ninety percent of the powder is below
eight microns, whilst ten percent is below two microns. This powder could 110t

be HIPped since it combusted energetically during the welding stage of the
encapsulation process,
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Figure 4.4: FeCr-Al agglomerates after ball milling (SEM image in secondary
electron mode).

Figure 4.5: Detail of l~.r::h.l aggl.ol!Lerate(SEM image in secondarY electron

mod~1.
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4.1.3.2 Mechanical blending with added Fe (SPOO1OQID.
The Fe powder has a broad range of particle sizes, with an average size of
approximately 11 microns (Figure 4.6). The Malvern particle size distribution of
SPOOI008 is shown in Figure 4.7. A normal distribution is evident, with a slight
peak in the 1 to 3 micron size segment. The average particle size is
approximately 6 microns with 9Gpercent of the material below approximately 14
microns, and 10 percent below three microns.
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Table 4.2: 'Hardness vs time at 7500C for VFA647 and VFA6S4.------ i~fo~;rl~!~c~rI"" . H;~~:;~--·-·
;~!~~.~.'.~).()"\!l'.?~I;'~.'IISl,-J- Q'~~~~11Til
, \ I
,2, 11
h·_ ~=,,~~ ,"'~, '" ~ ~~ .... "'.. -~-.~"" ~ "",,,~ ..-"""--~ .-= -- ~ •• ~=

4 13 49
(Cracks appear

in material)

~.2 Hard:1ess vs time at 750°C for VFA647 anll VFA654
The results of the heat treatment comparison ofVFA647 and VFA654 arc shown
inTable 4.2

l
L

J
-1

" indicates that no readings were taken

The results are shown graphically in Figure 4.8.
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o 20 40 60
Time at 7500 (Houm)

Figure 4.8: Hardness vs time at 750°C.
Alloy VFA654 embrittles readily within twelve hours. On the other hand,
VFA647 was not sufficiently brittle for powder manufacture, even after 89 hours
isothermal annealing at 7S0oC.
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4.3 MetallograQllV results
Metallographic examination of all as-HIPped specimens, in which the canister
stayed intact, revealed complete bonding, Certain features VI, ere common to all
specimens and these included the phenomena described below.
Entrapped contaminant inclusions were apparent at all particle boundaries.
Various inter-particular inclusions were also observed. Alloys DS-l and DS-C
(both air melted) had a far higher proportion of contaminating inclusions than the
vacuum melted alloys.

Widespread sigma phase precipitation was observed in all alloys. The amount of
sigma present varied from between 20 and 70 percent. In alloys with greater" .n
20 percent sigma, extensive macro-cracking was apparent after polishing. .m
V exhibited the least amount of sigma (20 percent) after I Ill'ping,

Examination of the samples after solution annealing and quenching revealed that
sigma was removed from most of the alloys. However, sigma phase was still
apparent in DS-C, DS-l and VFA 423 alloys. The sigma arp~"red to have
formed preferentially on particle boundaries. Inter- and intragranu.ar precipitates
were also observed

Sigma phase is revealed by the Hel and electrolytic etchants as a light phase,
wh.lst the ferrite is darker etching.

The micrographs are presented as Figures 4.9-4.64 and have accompanying notes
with them. All micrographs were taken by optical techniques.
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4.3.1 Microstructures of the Fen38Cr-4Mo-2Ni alloys (As-HIPp~'l

Figure 4.9: VFA543, a~-HIPped, unetched (100X), optiqal image.
The microstructure exhibited severe cracking after HIPping and casual handling,
as shown in Figure 4.9.
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4.3.2 Microstructures of the 2Ni-4Mo-38Cr-Fe alloys (Solution annealed)

Figgre 4.10: DS-I, 0 100°C), KOH electrolytic etch, (200X), optical image.
Ferrite with residual sigma phase. as shown in Figure 4.10.

I'

II
h
I

Figure 4.11:, DS-I, {II OQ.llf,J.,l(OH elcf,tT.QJyticetc.h~.ki9()~1..1mtical im!!@~
Detail of residual sigma phase.
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Figure 4.12: DS-C, (annealed 1100°C), KOH electrolytic etch, (2COX), optical
ima.rut.
Ferrite with secondary phase precipitation.

Figure 4.13:.PS-C, (annealed 1100ofJ..KOH electrolytic etch,(5tlOX), optical
image.
Detail of precipitates.
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Figure 4.14: VFA417, (annealed 1100°, HCl etch, (200X), optical image.
Large crack running through sigma-ferrite microstructure, with a higher number
of particles near the crack.

'-,

>
D

5gm:e 4.15: VFA417, (annealed 1100°, HCI etch,) (500X), optical image.
Duplex sigma (lighter etching) - ferrite (darker etching) microstructure.. ' 112
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Figure 4.16: VFA419, (annealed 1100°C), Hel etch, (200X), optical image.
Duplex ferrite (darker etching) - sigma (lighter etching) microstructure.
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Figure 4.17: VFA419.,.ill_nnealed1100.oc), Bel etch, (jOOX), optical image.
Detail of precipitates.
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Figure 4.18: VFA420, (annealed 11OO°C), HCl etch, C200X), optical image.
Ferrite (darker etching) - sigma (lighter etching) microstructure,

Figure 4.19: VFA420, (annealed IIQQ°C), HCI etch. (500X), optical image.
Large crack passing through sigma and ferrite phases.
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Figure 4.20: VF A423, (annealed 11OO°C), HCI etch, (200X), ')ptical image.
Residual sigma in ferrite matrix.

Figure 4.21: VFA423, (annealed I 100°C), HCI etch, (500X), optical im(l@:.
Ferrite grains with inclusions at particle boundaries.
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Figure 4.22: VFA543, (annealed 1100°C), Hel etch, (500X), optical image.

I
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4.3.3 The 2Ni-2M_oallovs

B

c

D

Figure 4.23: PremAUo); Y~1s-HIPned) ....HClf>tch. (l,O_OX},_ontk:alimagf!....
Secondary phases in J'ffusion zone. C is the mild steel canister; D is the diffusion
zone; B is the Prem V compact.

a
Eil®,_g 4 ·~i:Ptt;111AI19_Y=y_,Jtml'eJ!1~~IJlkQ.t 1'.1Jl~,'L~!9h,~t1i!!!XJ~,nnt~£;lJjmlill~,;.
Secondary phases in diffusion zone after solution annealing. D is the din;, sion
ZOIle~13is the Prem V compact.
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Figure 4.2~ 11'emAlloll (annealed 11O(~°.Q.J'ICI~tch, QPOX), optical im(J~-,
General ferritic microstructure with a number of dark grey inclusions. 1 he
inclusions were analysed with EDS techniques.
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Figure 4.26: PrtlmAlloy V, (annealed II OO°C), Bel etch, {500Xl,. opticaLim1!~.;.
Ferritic microstructure with a combination of large ~U1dfine precipitates.
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Fi.mrre 4.27: VFA487, (as-HIPped), Hel etch,...(JOO2Q.,_QQticalimage.
Plastic deformation around indentation.
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Figure 4.28: VFA 4~7, (qnnealed 11OO°C), Hel etch..c.wOID..J!f!jical imag~;"
Ferritic microstructure with traces of sigma.
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,·3.4 Metallographic results of VFA622 I

.t<

Figure 4.29: VFA622, (HIPped + annealed 1100°C), Hel etch, (2QJ1X1 optical
image.
Ferrite grains free of sigma phase.

Figure 430: VFA622l..(HIPped -I' anIl\.mlc_QJ100\)('),Hel ctch,i500&9illical
image.
Ferrite grains without residual sigma.
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,:1-.3.5.Comparison ofIIlPped and cast materiaLVFA622.

Figure 4.31: VFA622 , (Cast and HIPned), Hel etch, (200X). opticel imagQ_"
Widespread intragranular precipitation of spherical carbides and nitrides.

Figure_4.32: VFA622 , (Cast and HJPped), Hel t:tch,150()XLopti£~Limagl.h
Detail of precipitates.
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figure 4.33: VFA622, (HIPped+solutio!1a®ealed), HCl£j:ch, (500X), optical
image.
Ferrite grain with prominent precipitates, especially on prior grain boundaries.
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Figure 4.35: VFA622 , (HIPped twice only), He! etch, (500X), optical image.
Preferential sigma phase growth at particle boundaries.
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4.3.6. Extra milled VFA543(SPOOI012)
4.3.7. Analysis ofm!lling media
The milling media wag found to contain 0.275 percent C and 90 percent Fe by
mass. Analysis was performed at Ultra High Pressure Units using wet analytical
techniques.

Figure 4.36: Microstructlre of steel milling media_,i2g0X), optical image.
A martensitic microstructure is present.
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Figtl '~ J7:~Frequency and clunulative particle size distribution of ext!? milled
VFA543 (SPOOI012) . •
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Figure 4.38: Extra-milled VFA543 (SP001012), (As-HIPped), net etch, (lOOX),
optical image.
Palmqvist cracks are present at the comers of the hardness indentation.

figure 4.39: Extra milled VFA543 (SPOO10 12), (As-HIPp_ed), .HCl etch, (500X),
optical image.
Detail of comer of indentation.
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Figurl! 4.40: Extra-milled VFA543 (SPOOlOJ2), (As-HIPped), Murakami etch,
(200X), optical image.
Diffusion zone of powder in contact witn the mild ste -anistcr. A is the core of
the compact; Band C arc the diffusion zone: D is the "Hld steel canister.
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B c D

Figure 4.41: SPOOl012, (annealed 1}J)O.oC), Hel etch, (500X), optical image.
Fine duplex ferrite-sigma microstructure. The sigma is the lighter etched phase.
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Fi.mm~4.42:JYficrQ.mrlt9jU1~,SI!mllqq!!~~"t8.~::!11l?!l~~!h1!}ilK
A cross-section of the diffusion zone between the mild steel canister (1)) and the
powder particles (A, B. C). EOS analyses were performed in regions A and B.

Table 4.4: EDS analysis of SPOOIOOR.--'~~t~~...~.~...~.l~' .-' ,.. , . iSJl~I~
I I l
;\lIoy . '1 Micl'OI~I'allh I,Mn
SPOOions iD1ITUSIOIllllilC i III

\13 ill Figure I
i<l4~ i
ICore region A lU~
1 IIIFiglllc ,~4.1 !

analysis (wcir:ht PCI'CI.'Ut)
:

'('I' FI.' Ni lOthl.'l', ,
i'lf\ ~ '141 11.9 II ,""SI'-'L.1

2K:, hIe? !.l '(I'i" Si" "I!~P(lOlO(lli

!
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Fimlre .J..43: Micfostmctm'Q...Sj.'OOl_Q.08 (As-HII~d) 500X, optical image.,
Ferrite matrix , This core region contains coarse complex Cr-Fe-Mo carbides.
The precipitate at point A was analysed by EDS analysis.
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Figure 4.44: Microstructure SPOO1008 (HIPpi!d -t.:. solution anIl~aled), (200X)~
.Qpticalimage.
The diffusion zone appears unchanged after annealing. The precipitates in section
C have gone into solution. A is the core of the compact; 13and C are the diffusion
zone; D is the mild steel canister.
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Fib'1Jre 4,45: Mic~52~.tructuresPqo 1QJBi.t~2h!!i~m.J!l].ne'lledU]Q.nCt210X,.."
.9pti~'llhnggg_~
Core region with coarse Cr-Fe-M,) carbides.
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4.3.9. The addition of extra Fe to VFA543 and VFA622 by hand mi!{illg

Figure 4.46: VFA6~2+Fe (as-HIPped1.HCl_etchant, (200X), optical image.:.
Detail of area near Vickers indentation showing strain lines within a ferritic
microstructure. There is a combination of large and fine particle sizes as
indicated by the darker precipitates on the particle boundaries.
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Fi!,11.1re 4.47: VFA622+Fe (11OO('C <!!1l1eal),_HCl~tchant. (20Q2C.1.i?PtiC~11 image.
Ferritic microstructure without areas of preferential attack by etchant, Points AI,
A2 and A3 were subjected to EDS analysis.

c ,

F iwre 4AJt_YEA~1.:LlfgJLHl!t~~:,llnll~'!D:!JlG..t;J91l:l11t,L~J)D~'\Q-,.lmti.£:lIjln;!g,t;."
Detail of ferrite grain.



Figure 4.49: (20% 316L+80% VFA64~.}....As-HII~ (2()_QX)J1Q etsh ..._mllical
imag_e.
Large non-metallic inclusion in alloy.

Figurc..!.~.o: (20(% 31gJ,+80o,o..~Yl~A{)2~J.As ..I!lP<~L~90Z)JICIQi9.Q ,,_J)l)ll£ll!

ll!l~!.
Morphology of sigma phase in the duplex alloy.

4.3.10. Microstmctures of dunJex powders.
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Figure 4.51: (2.QlJto316L+80% VFA622), 11OOnC,(500X), net etch , ontical
image.
Predominantly ferritic microstructure.

Figure 4,52.;.JiQoo31(~1~~ VFAi't6.6Lbs:HIl),t200X.LJJCl_s_tcll ' opti.~i!!
im_gge.
Duplex ferritic (etched dark) - austenitic (etched light) microstrncture.
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B

Figure 4.53: (50% :t16L+50% VFA622), 1100oq200X), Hel etch, optical
image.
Decrease in proportion of etched light (austenitic) phase after annealing, Points A
and B were examined by .5EM spot analysis.
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Figure 4.54: (80% 316L+20% VFA622). As"rIIP (25X), Hel etch, optical

!ID..~ruhWell distributed ferrite (dark) particles within an austenite (316L) matrix.

figure 4.55: (.S.Q~o3161.+20% VFA(22), As-HIP(200X), Hel etch , opti~'!1.
image.
Sigma ill bulk ant! lamellae morphology.

I,
I
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Figure 4.56: (80% 316L+20% VFA622), As-}IIr (500Z1JICl etclL......optical
image.
Comparison between different sigma phase morphologies. Micro-hardness tests
were taken at points A and B. The composition of the sigma phase at point B was
analysed and is shown in Tables 4.8-4.9.

Tabl~ 4.:.8:,,~i9r~h~rc!~~e.?~Ee~~~1.ts.,p~?Oo<o}16~~'~~fO~'oYf/16_?~,~ls~I}I~.!.H'"1
tAlloy ;Microgrllph :Microhl\rllnp~s
1 i value with 50 grams-force load,
i--, _-=. .__ ,. _~ ...""-;".,.,_._~,..._____=+-. ~.,_.._,~ ..• ;.·..·.·,,;"';."·_.~"' .. r•..,.·".···_~""" .•_"'.•,;·._·_.'""'''''"''"'~- '"~~"'_"."""~~~<~__' ._C."._,,· v-.""_,. __ .•.,_,,, ... ,_~

;110%316 + 20oWFA622 ecint A ill Figure 4':;(' ! 339
;lSolution annealed). ferrite I I I
!I;;,~!~~;;~~t'!~~;;;:I~~tBi;P;;;;ii6·t·~-~-~·~-=--S291
IVFA543. as·HIP, iFigure4.'l· 1555 i
1Reference alloy consisting of ncar f I
jl9.~,):~~.i~~~yl~~~~.... .. r.. .... 1
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figure 4.57: (80% 316L+20% VFA622), 1I0oce (500X), He} etch, optical
imag~
VFA622 particle in 316L matrix, with higher precipitate concentration at grain
boundaries,

A

Figure 4.58: (80% 316L 20°'0 VFA(22), 11oooe (200X), Hel etch , optical
im(lge.
Three phase microstructure consisting of austenite, ferrite and sigma phase. The
diffusion zone between a VFA622 particle and the surrounding 316L is indicated
at region A.
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Figure 4.59: (50% Hastelloy C + 50%) Prem V), As-HW (200X), HCl +
Murakami's etch, optic&.i!!m.
Region showing diffusion zone (C) between Prem V (A) and Hastelloy particles
(B).

A

~....1J)O~JO Hastelloy C+SO% Prem ..Y1_As-HIE__{)OOX), HCl +
Murakami's etch, optical image.
Prem V particle exhibiting a high proportion of sigma (light) phase. An inclusion
is indicated at point A.



A

Fi~1~O~~,9kI~(~ _~~~~12·en)'ll.....hll:Ull~,_J~O(1~.1_jKl
+Murak.uni'i\, gt(~lhl?11ti~a1j_!ll'ill9.:
A carbide-rich Hastelloy region. The carbide at point A was subjected to EDS
analysis (Table 4.10).

Tahl~A,lD;,~rl}gini~A!~jn_IJast~lloy:_C.,

f

' ,,""'" '" , . SI)ot a"ub~is {weif~ht

i.\110~' I\Iicr()r,r:lJlh 1\10; Cr Ult, Ni
50% Hastcl!oy C Precipitate A 25.2 2b II 1%
+ 50°1)Prem V ill Fir,llfQ 4.1.1.

Balance
should he
('
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Figq.,m 4.62:(50% Hastellgy_ C + 59%) PrenL.Y1 11000C (200X), Hel.
+Murakami'~ etch, ol1tJcaLiJ}um~""
Overall microstructure after heat treatment. The centre of a Prem V particle (A)
and centre of a Hastelloy Cpa' L:cle (B) were subjected to EDS analysis tTuble
4.11).

:rable 4·11:-lill~1!ll\1~7Q[5P';.~;;l~~~~'"i;!~~t;!!!~
!~II~~ IM:l:ro~l':\rh !\to jcr [lie' Ni
lS(l~~Hastcll()yC Ccntrc of'Prem i'i.u !~!ttl 1~h.·! 17
!'" "()~" Prem V V particle in I

Figure 4.62
f

: SOo ;, HastcUoy (' ICentre (If
;+ ~()O 0Prem V lIastcUov C

ipal1idc in
IFillurc 4.(12

:~()% Hastc:lny {·jFlgurC 4 ('2 4.2
:+ SO%Prclll V lDiffuSIOII/OIII!

·No!
'analysed

Hastelloy C typically contains '.~percent W. This element was Int included in the
analysis of the diffusion zone and could therefore cause minor deviations in the
results.
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Figpl'e 4.63: (50% Haste.Ui1Y_(.:_.:L_.iQ(hl_.ELQ!lL'l1."J.l gO(~~_!.2.{tQX),lIei
+Murakamt"i etch, onticqJjmage.,.
Detail of Prem V particle. EDS spot analysis was performed 011 the diffusion
zone at point A.

Ejlurr£__1,fl1~-.(~_Q.°o.~lJill't~JJJlJ:,_~C~.~_(l()JL.J:nmL.uY)~".JJJ~(}~~\~..~.l~t1!1X2>.~I(~1
.t'lY1Jm!lqm}il,tLc!£1l.1J)pti.~'al imnID!.:
Hastelloy-rich region with complex M.,(' carbides in a Ni-Cr-Mo matrix.
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lin Figuri: 44~
I I
I
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Figure 4.47 I .
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iVFM22 !pOint 13III
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:80% 316+ 20% Sigma phase at •as Ii, :lIl. h
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I'··· . Mo lcr INi lW j'fi <\1

The EDS spot analysis examines a roughly drop shaped region on the specimen
surface encompassing a volume of npproximately lnm'. The actual shape is dependent
on the atomic number.

!A!loy
Prom V

!SPOOlOOS
IPowdcr,
l- ...... ",,.·· .. ,··,c
iSP(101008

iSPOOl!108

~"'" ."

:SPUOhlOB

:Spot analysis
!Other

"1'-- •

i2RJ
I
\
\57.1
!

,
,

i
\

;~I R

L
I~I, .... ,

,
i

:\S.7:
I

l
:\~R
i

17

.").1

144



4.4. Smnma[y- of hardness results.
All solution annealing carried out at I lOOI'C for a period of two hours.
Quenching was done in water at room temperature. A typical example of plastic
deformation around an indentation is shown in Figure 4.27.
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Alloy --':C;;;;dw.~~---lviCk~;;-lc~;~ments "
. hardness : ,
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Table 4.14: Summary of microhardness re~dts.
fAiloy - u • .. • iMicu'ogl'aph-JMi~~~hardness!Mic;~h;;:d~~-;;'"']
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:grams-force .grams-force :
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(Solution annealed) ;Figure 4.12 :~~~~::,h::!IP,-·-tF~~·;;-4~9·-._·---...._ 175-1-~----- :1
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• 1 l !
.~!~.~~~.P~.~~.~~,"" ~. .. " -" ..1 . "." "" :
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(Solution annealed) !Figure 4.56 l
(Ferrite phase) I i............................................., !.. : ,
80%316+VFA622, jPoint B in I 529\
(Solution annealed) [Figure 4.56 i !
(Sigllla phase)! i !~--:.-...:;_---+-·,---·--··~'r'~----·..-,,~"'''··~-""----.-._--......I
VFA543, as-HIP, [Figure 4.9 1555 :
(Reference alloy ; i

~~;,~.~~~~;,;.,~.OO~~..I. , 1 . ,..1
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4.5. Elemental scans
The elemental scans (Figures 4.65-4,70) provide data on the surface topography
and distribution of elements over a pre-defined area. The first scan, designated
SE, indicates the roughness of the area i.e. areas which are raised or lowered
relative to surrounding areas. Analyses for Mo, Cr, Fe and Ni are also shown.
The surface topography is highly dependent on the degree of polishing and
surface preparation of the specimen.



4%

FeKa,3117

B

Figure 4.65: Elemental scan ofSPOOI008, As~HIP,j_AcUlli.s123.3.um.}.
A Cr-enriched precipitate is shown at B.
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~WJ\jlh~~~.~IfotI,V~I~~'~·\\~y'l\it~ivifJl\,\W\h\i\\I,\,l\lAlf!!0%

Figure 4.66: Eltl_mental scan o{VFA622 + Fe, ·As"HIP, (Afros:; 124.611m)..
Uniform Fe and Cr distribution.
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Figure 4.67: Elemental scan ofVFA622 + Fe. As-HIP. (Across 504.3.11m)..
Uniform Fe and Cr distribution.
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Large variation in composition as different particles are crossed. 's nc Ni-enriched
regions (B) are Hastelloy pmticles, whilst the Fe-enriched iUl\h ru i'rern V
particles (A).
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·4.6. COiTosion results in 1Ott) sulphuri~ acid.
The corrosion results for the alloys tested in 10% sulphuric acid. at room temperature,
are presented in Figures 4.71~4.84. The graphs are accompanied by notes.
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Firn,u'e 4.77: Corrosion scan for SPOOI008, as~HIPneQ..
Spontaneous passivation in the lest medium. The first scan in Figure 4.78 is
inconsistent, and should be ignored.
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Fignre 4.79: Corrosipn sean for VFA622 + Fe,_us-H1PneA.
Spontaneous passivation with unusual behaviour in the first scan of Figure 4.79.
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[VFA622+Fe-
Heat treated (hand mix)
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Figure 4.80: Corrosion scan for VFA622 +- Fe, heat treated.
Spontaneous passivation in the test medium.
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;Fignre 4.81: Corrosion scan for 20% 316L+80~.YF A_(j22Jleatjremed.
Spontaneous passivation with a large variation in E~orr.
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current den~ity(mAlcm2~

Fig!lre 4.82: Corro~ion scan fQf 50% 316L + 50% VFA622, heat treated.
A small active loop followed by passivation at increasing potential was observed
in the first scan. In the second scan, the material passivated spontaneously. A
large difference in the EC(l1T values of the two scans .vas observed.

163



400
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1.0001::..00 o.ceoc. 0 0001 0001 001 0.1 1
Current dOhslty(mAlcm2)

Figure 4.83: GJITosion scan for 80% 316L+20% VFA6~2, heat treated.
Inconsistent corrosion behaviour arising due to widespread porosity in tue
HIPped compact The 80% 316L + 20% VFA 622 specnnen contained
significant porosity which can produce unpredictable results dnr'ng
potentiodynamic scanning. The scan therefore could not IJe utilised to
characterise the corrosion behaviour of the material.

164



I ..__ ,_.~_~~Cc, <~ '","'~. ~ -- ,_m",_, ~~~w,n

150%Hastelloy C + 50l}oPrem V
I Hom uoated (hand mix)I .~--~------~

000

6(,0

400

1 ;0
m
""r:
QI aC5
0-

·;<00

·40

1

I
!
I

I
~ -·1

I

2

·Qoa
1 OOOH.t'9 1 OCO:;.07 1,000E-CO 0 (lGOOl 00001

Cum.lOt dcnnity(mNcm2)
0001 001

E!gurc 4.34' CorrqslOn scan for 50%, HnstellQY..C + 50t}'p_Prem V ,--heat tre~ted.

This composite alloy required long periods of over 2S00 minutes to stabilise ill
the 10 percent sulphuric acid solution. The potentiodynamic scan is shown in
Figure 4.84 (Scan 1). In the first sc.m, the composite passivated spontaneously
with a fairly uniform potentiodynamic curve. In the second scan, the alloy was
not allowed to stabilise. This scan exhibited distinct anodic and cathodic curves.
However, large degrees of fluctuation were present in both the anodic and
cathodic regions of the graph.

. .
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4.7. Corrosion results in 70% sulphuric acid at SO°C.,
The corrosion r=sults for the alloys tested in 70% sulphuric acid, at 50°C, arc
presented in Figures 4.85-4.92. The graphs are accompanied by notes .
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,Figure 4.85: Corrosion scan for Pl'elllV, h~.nttrfu'lted.
Two minima are present in the passive region.
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Fig.me 4.]6: C:,gno!!lQ!! scatl for Y~M.B7, hc!!ttreatcJl.
Two minima arc present in the passive region.
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Figllre 4.87: Corrosion scan for VFA622, HIPned twice.
A distinct anodic loop is present with two minima in the passive region ..
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Figure 4.88: COlTo..§jonscan for VFA622, HIPped twice- he~lttreated.
A distinct anodic loop is present with two minima in the passive region.
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(VFA622+Fe),(as.HIPped) in 70% sulphuric acid,

1200 .----------
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0.001 0.Q1 0.1 1

Current Density (mAlcm2)
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;Figure 4.89: Corrosion scan for VFA622+Fe (As"HIPped).
The duplex alloy passivated according to classical behaviour, but exhibited a
second minimum in current density in the transpassive region. Solution annealing
did not appear to result in significant difference in corrosion behaviour.
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(VFAS22+Fo),(heat treated) In 70% sulphuric
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figure 4.90: Corrosion scan for VFA622+Fe {Heat-treated).
The alloy passivated, but exhibited a fairly high critical current density of 0.6
ma/cm".
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figure 4.91: Corrosion scan for 80% 316 + 20% VFA622 (Heat-treated).
The alloy had a stable passive region and the transpassive region was not
reached, even at an overpotential of 1000mV.
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Firoll'e 4.92: Corrosion scan for 50% Prem V + 50% Hastelloy C (Heat-treate..d).
A distinct anodic loop is observed. The alloy remained passive up to an
overpotential of 1000mv.
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The corrosion results in 10weight percent sulphuric acid (room temperature) and
70 weight percent sulphuric acid (50°C) are given in Tables 4.15-4.16.

Table 4.15: Summary of corrosion data in 10% H2SC1i

r - .It-vorago~fOdiointeroopt Corm,ion rai;
Relative to .cka} in 10wl)igl,t%
SC_g H,SOl
{IDYl I(mNcm') (rum/year)~----

Prem V 15.56 Average 0.0008
As-HIPped 7xlO·5

Prem V 209.02 Average 0.0006
Heat treated 5.34xlO·5

VFA487 -13.82 Scan 1 0.011
As-HIPped 10.lx10·5

VFA487 -223.38 Scan 21 0,0003
Heat treated 2,91xlO·5

VFA622 14,36 Scan 1 0,0008
HIPped twice 6.97xlO·s-
VFA622 0.371

Scan 1 0.0023
HIPped twice + 20.8xlO·~
heat treated

-+--

r--- --r'-'
SPOOI008 -146.27 Scan 2 0,0004
Heat treated 3,9x10'----,..~.----....,r--'-~"'-~ -- ._..-~

·VFA.622+Fe .:10.96 Scan 2 0.0001
(Hand 1.03x1O'5
mix,As.HIP)
VFA622+Fe -16641 Scan 2 0.0075
(Hand mix, 68xlO'<
heat treated)f-._-.
80%316L+ Porous Porous Porous
20%VFA622
Heat treated------. r--'---- t----------
50%316L+ -201.43 Scan 2 0,0005
50%VFA622 4. 18xlO"'
Heat treated

.-._",_;,~-~.~~-- . .-
20%316L+ -172.7 . Scan 2 0.0024
80%VFA622 21.8x1O"
Heat treated
1--' r--.--- ..-
50%HastelJoy 22.19 Scan 1 0.0002
C +50% Prem 1.58xlO"
V (Hand mix,
heat treated) .~--.-.--,,-.-.--.-
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Table 4 16' Summary of corrosion data in 70% H2S04 acid at 50°C

..;

Alloy EePl! 1m Ccrrosion rate 1= .Corrosion rate, &.Lm at ipo;,
(mV) (mA/cm"} (mmlyear). (mA/cm2) {'mm/year)--

VFA552I -402.9 3.1 31 9.3xlO·3 0.093
PremV
Heat treat ....d ._
VFA487 -378.4 0.8 8 i.ieio- 0.11
I-~ ~treated -
VFA622 -173.5 l.1x10·2 0.11 2.6xll'·:; 0.026
IllPped twice
only

"- f-.
VFA622 -168.3 2x10·2 0.2 5.8xlO·3 0.058
HIPp~d twice
+ heat treated---
SPOOIOOS -96.6 1.2xlO·2 0.12 4.4xlO·3 0.044
Feat treated
VFA622+Fe -216 6.9xlO·2 0.69 3.2xlO·3 0.032
IllP only

VFA622+Fe -255.4 0.2 2 4.5xlO·3 0.05
Heat treated ~
80%316L+20 -235.5 0.6 6 16xlO'2 0.16
%VFA622
Heat treated --
50%Hastelloy -173 0.19 l.9 8.6x10·3

0.
086

1C+
50%Prem V
Heat treated _j----_.._-

1
i
I
't

l,
!
I

4.8. Field.trials

At the start of the field trial the two springlocks had masses of25 .309g and
2S.228g. After over 5 months exposure in the field trial, no visible corrosive
attack was apparent and no mass losses were 'reported. The sensitivity of the
scale used in the trial was O.2g~No detectable mass losses were reported for the
reference 904L springlocks. • -
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5. DISCUSSION

5.1 Pnwder production

It .vas noted from the thermomechanical processing procedures that mechanical
working of all the experimental alloys was required in order to produce sufficient
sigma in a reasonable time. This was in agreement with the results of Cortie et
al2S, which indicated that prior working promoted sigma formation. The
thermomechanical procedures are summarised in Table 3.2.

The fact that Prem V sigmatised sufficiently after only 24 hours exposure at
850llC indicated that the choice of Fe-39Cr-2Ni-2Mo as a base material was
reasonable. The effect of variations in Mo and Ni (sigma stabilisers) content on
the ease of powder production could therefore be gauged with regard to this
reference alloy.

Important results were obtained from the VFA 390-395 series. These alloys had
a combined Ni+Mo (sigma stabiliser) content of less than 3 percent. These
materials did not embrittle sufficiently to produce powder, despite prior hot
working and over 96 hours heat treatment at 758°C. When these results were
compared to those obtained for Premalloy V, it was apparent that minimum
levels of approximately 4 percent Ni+Mo were required in order to produce an
alloy suitable for powder production.

Alloys VFA 417, 419, 420, 423 (Fe-37Cr-2Ni-4Mo) contained a greater
proportion of sigma stabilisers than Premalloy V. However, these alloys required
over 96 hours of heat treatment at 75poC in order to embrittle them. This is in
direct contrast to the results obtained by Premachandra" (Figure 2.10) for an
Fe-38Cr-4Mo alloy, in which 90 percent sigma formed after only J 5 minutes
exposure at 750°C. A possible explanation for this inconsistency may be due to
the relatively high Al contents of the VFA alloys. These Al contents ranged from
0.2 to 0.35 percent. It was established by Premachandra" that the addition of one
percent Al to the Fe-40Cr alloys has a potent retarding effect on sigma
formation, Examination of the behaviour of Premalloy V reinforces this
possibility. Prem V contained less than 0.02 r ercent Al and was sufficiently
embrittled after 24 hours heat treatment. Thi ~ 'Impares favourably with previous
results obtained for this alloy (Figure 2.16). From Figure 2.12 it can be seen that
a temperature of 751.)°Cshould be more conducive to powder production.
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The air melted alloys DS-1 and DS-C (Fe-36Cr-2Ni-4Mo) embrittled in 21 hours
at 850°C, after hot working at 1150°C. DS-l and DS-C were essentially
air-melted equivalents of VFA 417 and VFA 419. Subsequent SEM analysis of
DS-1 and DS-C indicated that these alloys did not contain any AI. The longer
time required for embrittlement of VFA 417 and 419 may therefore be attributed
to their Al content.

The hot working uf the ·~-40Cr-2Ni-2Mo-0.4Nb (VFA622) alloy, followed by
isothermal annealing at 750°C for foui and a half hours produced a structure of
virtually 100 percent sigma. This is in line with the results obtained by
Premachandra" and represents a significant decrease in the time required to
embrittle the alloy. Heat treatments over periods of 100 hours, utilised in earlier
trials, are thus excessive and unnecessary. This result has important
ramifications for the commercial aspects of the alloy. A 2Ni-2Mo alloy may now
be embrittled in a substantially shorter time, and thus at a correspondingly lower
cost. The most effective procedure for powder production therefore appears to be
the combination of hot working an alloy to a 50% reduction in thickness followed
by annealing at 750oC.

Crushing and vibratory (Seib) milling of the VFA622 powder proceeded easily.
A thin, green layer is present on the surface of the alloy after hot working and
heat treatment. This is an oxide scale produced by exposure to air at elevated
temperatures. The scale was not removed and was milled into the powder This is
undesirable since the scale particles would behave as inclusions III tlu. material, It
is recommended that the alloy should be protected by an anti-scaling additive,
prior to exposure at elevated temperatures. Alternatively, the alloy could be
descaled by the addition of a pickling stage prior to powder manufacture.

An examination, by wet chemical analysis, of the carbon content of VFA622
after vibratory milling (O.024%C) compared to the carbon content of the starting
material (O.015%C) indicates that minimal carbon pick-up took place. This is due
to the short milling period utilised, as well as the fact that the powder
temperature did not rise above ambient. Carbon pick-up would be expected due
to interaction with the milling media. The carbon levels in both analyses are at
the level recommended for this. type of alloy.
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5.2 Powder particles
The sharp angular features of the powder particles, in Figure 4.1, are due to the
brittle nature of sigma phase. High intensity milling during powder manufacture
shatters the sigma thereby producing the characteristic appearance of the
p=ticles. Spherical, atomised powders are usually preferred for HI? applications,
Que to their higher flowability and consequently more even packing densities.
However, these trials have shown that the conchoidally fractured i.'lowdersare
also acceptable. The larger powder size distributions, typically less than 500
microns, are the more easily packed. Smaller size fractions of under 4 =' microns
are less useful since there is a tendency to form agglomerates. The agglomerates
result in less efficient packing of the powder and consequently uneven shrinkage
during consolidation.

5.3. The effect of time at 750°C on hardness
VFA654 exhibits a dramatic increase in hardness from 13 to 49HRc after only 4
hours heat treatment, as shown in Table 4.2 and Figure 4 8. The i'A "'earance of
macroscopic cracks in the region of the hardness indentation are indicative of
material embrittlement. Additional isothermal treatment for a further 4 hours
resulted in a hardness of 58HRc. Another 4 hours of exposure produced an
increase of only one hardness point to 59HRc. This indicates that a hardness
plateau is reached (Figure 4.8) and that further heat treatment is unlikely to
produce significant increases in hardness.

AHoy VFA647 (Figure 4.8) exhibited different behaviour. The alloy softened
from 16HRc to llHRc after two hours at 750°C. After 8 hours heat treatment,
the material remained at this hardness value This data indicated that no sigma
phase formed during this period. The decrease in hardness from 16HRc to
11HRe is most likely due to stress-relief brought about by the isothermal
annealing. After rolling, the plastically deformed material retained residual
stresses, which tend to increase the hardness. Heat treatment removes these
stresses, hence the lowered Rockwell C values.

Appreciable hardening of VFA647 only began after 16 hours of heat treatment.
The trend was very gradual and after approximately 45 hburs the hardness was
only 34 HRc. Finally, after 89 hours, a maximum of 54HRc was obtained. At
this value the material was not sufficiently brittle for powder production, It can
therefore be seen that the kinetics of sigma phase formation in VFA647 are far
slower than in VFA6S4. The important result from this trial is that that alloy
VFA654 embrittled sufficiently after twelve hours heat treatment, and that a
hardness of 59HRc has to be achieved before the alloy is ready tor powder
production.
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The-vastly differing behaviour between VFA647 and VFA654 is considered
unusual, since both alloys are very similar in composition. VFA654 contains 0.6
percent more Cr than VFA647, but has 0.26 percent less Ni. Both elements
promote sigma formation. However, VFA654 also has 0.34 percent Nh ••:Ilegedly
a sigma retardant. Therefore, from a purely compositional basis, it would be
expected that VFAM 7 would have the greater tendency to be embrittled.

A possible explanation could be that the 36Cr-2Ni ..2Mo-Fe alloy is at the lower
limit of the composition range for "quick" sigma formation. Another possibility
is that slight differences in the working of the material lead to large differences in
the rate at which sigma is formed,

The results of these trials indicate that 36Cr-2Ni ..2Mo-Fe is the minimum alloy
composition which should be considered when manufacturing powder to be used
in hot isostatic pressing. In addition, powder can be manufactured when the steel
reaches a hardness of 59 IIR\,. or greater, Hardness values can thus be utilised as
an easily-monitored indicator curing any future i~o\VdeJ'manufacturing processes.

. .
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.$.4 Mechanical mixing of ALh<;POO1]Q51
As can be seen from Figures 4.2-4.3, ball milling is successful in greatly reducing
the particle size of the alloy. A reduction in average particle size from 6:i
microns to 4 microns took place. This implies that the sigmatised material can be
successfully communi ted by ball milling if such a requirement -hould ever arise.

The combustion of the powder during welding is unexpected. An ex..uuination of
the literature provides possible explanations", It is well known that the reactivity
of a metal powder increases as the particle size decreases. This is due to the fact
that a greater free surface area is exposed. When this free surface area is exposed
to the appropriate atmosphere and the necessary temperatures, there exists the
high probability that a chemical reaction between the metal and atmosphere will
occur, at an accelerated rate, In the case of aluminium a typical reaction in air
would be:

2AI(solid) + 1.5 02(gas) ~ AhO.l (solid)
Heat (If formation -1692 kl/mole

This reaction is highly exothermic and it is for this reason that powdered Al is
often used in high energy rockc: propellants and explosives. In fact, Al is often
the primary ingredient in many ~ plosive applications.

It is considered probable that this reaction is the cause of the flames observed
dlll;ag encapsulation. The necessary activation energy would be supplied by heat
f~ , n the weld are, with localised temperatures reaching over lOOOne, whilst
oxygen would be derived from the atmosphere.

Other deductions may be made from this trial. A successfully mechanically
alloyed material should contain powder particles with a uniform and desired
composition throughout each powder particle It is considered unlikely that a
homogeneous 2Ni~3Mo-2AI-40Cr-Fe alloy WOl be easily combustible since the
Al atoms would be a minor allovinu constituent, held in solid solution... . ~
Incomplete alloying would result in an Al layer enclosing each 40Cr-Fc particle.
It is this ,'\.1 layer which would combust during welding. This is highly probable
when it is considered that all acetone lubricant was used during milling. The
acetone effective acts as a Harrier between- the milled particles and hinders
diffusion of Al into the Fe-Cr particles, The results of SEM and EDS examination
of the mechanically mixed powder are shown in Figures 4.4"4.5 and Table 4.12.
The micrograph (Figures 4.4) indicated the powder particles had funned into
ovoidal agglomerates during milling ..
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A detailed examination in Figure 4.5 revealed the agglomerates to consist of a
porous network of mechanically bonded Fe-Cr particles. No distinct Al particles
were observed or detected by EDS analysis. The analysis of individual powder
particles (Table 4.12) confirmed the presence of Al on surface of the Fe-Cr
particles.

Free aluminium would also pose a number of problems during the actual HIP
stage itself: From the AI~Fephase diagram (Figure 5.1), it can be seen that AI-Fe
alloys containing 85 percent Al or greater have a liquidus temperature of under
lOOQoC. Since HIPping occurs at 11200C it can be seen that a liquid phase
would be present. In addition, the L + () region has as its lower limit the 655°C
[L -~O+(Al)] eutectic temperature. Thus any temperature in excess of this for
alloys of more than approximately 62% Al will have some liquid phase. and
higher temperatures will mean a higher proportion of the liquid phase. This is
highly undesirable because a liquid phase would be deleterious to the
microstructure of a powder, since it could induce hot cracking at grain
boundaries. In addition, the molten metal attacks the mild steel canister and
results in canister leakage and destruction.

In view of the potential dangers involved it is recommended that further work on
tinemechanical mixing of AI-40Cr-Fe powders should be discontinued.
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Figure 5.1: AI~Fephase diagramY
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5.5. Mechari;.: .imixing with extra Fe (SPOOIOOID_
Alloy SPf)( • 1)(\:, uad an average particle size of 4 microns after 72 hours milling
(Figure 4.3). A1tI.!I'only 24 hours milling the average particle size of SPOO I008
was reduced from 63 nucrons to 6 microns (Figure 4.7). This particle size is
close to that of SPOO 1012 and indicates that a milled particle size limit exists. It
therefore appears that milling for periods beyond 24 hours are ineffectiv ....in
achieving any further signuicant pamde size reduction. This is important if
material communition is the central aim in the use of ball milling, since it shows
that more and more energy input is required, with diminishinc returns. The
concept of a mill limit is shown in Figure 5.2. The effect of lie Fe alloying
addition on particle size is considered minimal, since Fe ;., relatively soft
compared to the sigmatised 40Cr powder and is already fine.

Since both th~" alloy and SPOO 1005 have a normal size distribution, it may be
taken that this is the response of the 40Cr-Fe material to the mill parameters
used. It must he mentioned, that any modification of the mill parameters will
generally produce a different result in the distribution of the final particle size
fractions.

The chemical analyses of the starting and final powders (Table 4.1) are
particularly interesting. The starting materials have a carbon content between
0.025 and 0.056 percent and an oxygen content between 0.078 and 0.141
percent. The milled product contains 0.176 percent carbon and 0.281 percent
oxygen. The increase in carbon and oxygen COl 'ent therefore cannot be due to
the existing levels in the starting material. In all likelihood, the carbon pick-up
occurred by interaction of the mill media and powder. Considering the VClY
nature of high energy mechanical mixing, m which cold welding is promoted, it is
considered likely that carbon from the milling media and mill body contaminated
the powder. Oxygen pick-up could be also be due to interaction with milling
media. However, another possibility exists in that oxidation of the reactive,
milled powder surfaces could have occurred during the drying (acetone removal)
stage. During this sixteen hour period, the powder was completely exposed to the
atmosphere.
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These results are important since they indicate certain pitfalls inherent in the
mechanical mixing technique. The 40Cr-Fe alloys require extremely low carbon
and nitrogen contents, usually each of the order of 0.02 percent and less. Extreme
care is taken in the preparation of these alloys, e.g. in the use of vacuum melting,
to ensure low interstitial levels. It is therefore apparent that the raised carbon and
oxygen levels brought about during milling are undesired. Bull milling, and
mechanical mixing as such, should not be completely excluded from future work,
since certain rectifications are possible. Milling media with a low carbon content
could be used. Acetone removal can also be achieved in the presence of a
vacuum.
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5.6 Metallo!"l'faphicexamination of alloys from single powders

A summary of the compositions of alloys manufactured from a single powder is
given in Table 3.1, whilst the hardness values are summarised in Table 4.13. The
observation of inclusions at particle boundaries is a common feature of HIPped
powders and was not unexpected. Powders have a high surface area, and are
vulnerable to surface oxidation. In addition, contamination of powders during
milling often occurs. Even gas atomised powders exhibit a certain amount of
interparticular inclusions. However, the powders produced by the Mintek process
have a far higher degree of these inclusions than observed in gas atomised
powders. These inclusions are deuimental since they interfere with the diffusion
bonding process. However, their effect on the properties of the current alloys has
yet to be evaluated. It is significant to note, however, that the inclusions are not
continuous at the particle boundaries. A continuous contaminant film would be
highly deleterious, and it is known" that mechanical properties are greatly
affected if such a film is present

The air-melted alloys, DS-l and DS-C exhibited a far greater amount of inter-
and intraparticular inclusions than the vacuum-melted alloys. This was a direct
result of the air melting process, since the melt would have had a far greater
chance of reacting with the atmosphere or other agents. The detrimental nature of
inclusions has already been mentioned. The degree of contamination within these
alloys would be sufficient for rejection of the powder, if the acceptance standards
for gas atomised powders were applied.

The quality of any powder is dependent on the quality of the initial melt. A clean,
contaminant-free powder is always desirable. Therefore, whilst producing alloys
by air-melting may offer certain initial economic advantages, it appears that
improved final results would be obtained by using vacuum melting inctead.
Cleaner powders result in a improved final properties. This is important since the
HIP process does not remove any impurities which are already present within it

powder

After HIPping, all the Fe-38Cr-4Mo-2Ni alloys contained interconnected
networks of sigma occupying between 70 and 100 percent of the microstructure.
Severe macroscopic cracking 'occurred in .all, specimens during sample cutting
and preparation, Since the cracking occurred to a similar extent in all the alloys
the microstructure of VFA543 IS shown in Figure 4.9 as a representation of these
alloys. Many of the alloys did not respond well to solution annealing. Sigma
contents of between 90 and ~opercent were still present in some of the alloys
(VFA 417. VFA 419). These are shown in Figures 4.9-4.22.
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The microstructure of DS-I after solution anneahng is shown in Figures
4.1 0-4.11, and appears ferritic with some sigma phase at the particle boundaries.
The annealed microstructure of DS-C, in Figures 4.12-4.13 is ferritic, with heavy
sigma phase precipitation at some particle boundaries. A ferrite and sigma duplex
microstructure was observed in VFA417 (Figures 4.14-4.15). The large crack
running through the material, shown in Figure 4.14 was present ill the as-HIPped
state and could not be removed by heat treatment. \. higher concentration of fine
precipitates near the crack is noticeable. Figure 4. I6 shows a high concentration
of precipitates was present at the particle boundaries of VFA419. The
precipitates also occurred within individual sigma and ferrite regions, in Figure
4.17 ~and generally appeared finer in the sigma phase. The overall microstructure
of VFA 419 consisted of ferrite and sigma phase. The microstructure of VFA420,
in Figure 4.18, indicated only partial transformation from sigma to ferrite after
solution annealing. A large number of precipitates were present in both phases. A
large crack passing through both ferrite and sigma may be seen in Figure 4.19,
confirming that heat treatment alone does not provide a driving force for crack
closure. VFA423 with residual sigma in a ferrite matrix is shown in Figures
4.20-4.21. Inclusions at the particle boundaries are apparent in Figure 4.20.
VFA543 (solution annealed) in Figure 4.22 was mainly ferritic with localised
bodies of sigma phase.

The Fe-40Cr-2Ni-2Mo alloys were less likely to form high proportions of sigma
phase. Prem V and VFA487 (Figures 4.23-4.28) exhibited approximately 20
percent sigma after HIPping and had hardnesses of 289Hv and 274Hv
respectively. The sigma phase occurred in large, isolated and sometimes
transparticular bodies in Prem V, whilst in VFA 487, it occurred preferentially at
particle boundaries.

After solution annealing, both alloys only exhibited traces of sigma. Secondary
phases which were found only in the diffusion zone were apparent in Prem V.
These phases were definitely harder than the ferrite phase since they did not
exhibit the same degree of polishing scratches as the matrix (Figure 4.23). These
phases were possibly a form of sigma phase. Their occurrence in the diffusion
zone would imply that they would have a slightly different composition to the
sigma found in the core of the compact. This could allow them to be more
resistant to solution annealing and could explain their presence after heat
treatment. Their morphology and scratch resistance are consistent with the
properties of sigma phase. The difference in appearance of the boundary zone
relative to the bulk of the compact is due to the diffusion between the mild steel
and the Fe-40Cr alloy. VFA 487, in Figure 4.27, provided an example of plastic
deformation around a Vickers hardness indentation.
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Slip lines were clearly seen in the immediate vicinity of the indentation. The
plastic deformation produced the uneven edges of the indentation.

Solution annealing removed most of the bulk sigma in Prem V and VFA487, as
can been seen in Figures 4.24-4.28. Some secondary phases in the diffusion zone
of Prem V (Figure 4.24) were not removed. The extensive white region at the top
of the micrograph is the area which was in intimate contact with the mild steel
canister, and therefore has a decreased corrosion resistance. The region is thus
more readily attacked by the Hel etchant. Figure 4.25 shows the general rerritic
microstructure ofPrem V. Inclusions (dark grey) , heavily enriched in Cr and Ti,
whilst being deficient in Fe, were observed both within the particles and at the
particle boundaries. The composition of these inclusions i, given in Table 4.3.
The high Ti (23%) content of the inclusions implied that they were definitely not
a precipitate or phase inherent to the Fe-40Cr-2Ni-2Mo alloy. The presence of
the inclusions within the actual particle body, and not at the particle boundary,
indicates that the inclusions were most likely introduced during the casting
process and were not due to contamination during powder manufacture.

VFA622 was severely cracked after HIPping and had transformed to virtually
one hundred percent sigma phase. No hardness measurements could be taken,
since massive cracking obscured the Vickers mdentation, However, a value in
excess of SOOHvwould be expected. The a,.;HIPped microstructure is not ShO\\;11,

since it is similar to Figure 4.9. Solution annealing was successful and all visible
signs of the sigma were removed. The hardness was measured at 253Hv. Figures
4.29-4.30 show ferrite grains rich in intergranular/interparticular precipitates
without any traces of residual sigma, The precipitates were extremely fine and
barely resolvable at 1000X magnification.

The comparative microstrucrures of VFA67,2 in the HIPped and solution
annealed state, cast and HIPped state and HIPped twice state are shown in
Figures 4:29-4.35. The east material, initially fully sigmatised, had a fully ferritic
microstructure after solution annealing. The annealed hardness value was 238Hv.
The HIPped, annealed material still exhibited traces of sigma, and had a hardness
of253Hv. The cast, solution annealed alloy increased in hardness from 238B\' to
276Hv after HIPping. The ferritic microstructure and large grain size ofVFA622
(cast and HIPped) is shown in Figure' 4.31. Widespread intragranular
precipitation of fine spherical carbides and nitrides can be observed. Figure 4.32
shows a detailed view of precipitates within a ferrite grain of VFA622 (cast and
Hll'ped), The prior grain boundaries can clearly be seen.
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The HIPped and solution annealed microstructure of VFA622, in Figure 4.33,
appeared similar to the cast material in that the matrix consisted of ferrite grains
with fine but prominent precipitates. However, the particle/grain size of the
HIPped steel was finer. This was due to the smaller particle size of the starting
powder. Prior particle boundaries are also apparent in Figure 4.33. A ferrite
matrix with sigma fanning preferentially at the particle boundaries of VFA622
(HIPped twice) may be seen in Figure 4.34. There was a low concentration of the
sigma . ase compared to the sample which was only HIPped once (Figure 4.9).
Figure 4.35 shows preferential sigma growth at particle boundaries, with some
nucleation within the ferrite particles.

One aim of this investigation was the development of an alloy which could be
easily converted to powder, and yet still remain free of sigma phase after passing
through the slow HIP cooling cycle. The fact that all specimens exhibited sigma
phase after HIPping indicated that a suitable composition had not yet been
established. The proportion of sigma in the specimens, after HIPping, varied
between 20 and 70 percent. These results were unexpected. Over 96 hours of
sustained heating was required to form sufficient sigma in order to produce
powder, and yet 70 percent sigma was formed in certain alloys after passing
through a single HIP cooling cycle. This may be due to certain forging effects
exerted on the powder particles during the HIP process. The applied pressure
would increase the tendency for the formation of lattice defects whilst the
application of heat would tend to anneal the defects. The differences in the rate
( / sigma formation may also be due to the use of continuous cooling as opposed
to isothermal conditions.

Premalloy V (Fe-39Cr-2Ni-2Mo) exhibited the least sigma (20 percent) after
HIPping. Attempts to decrease the Ni and Mo content by small amounts were
unsuccessful since the resulting alloys did not embrittle sufficiently to form
powder. A 2 percent increase in the Mo content (VFA 417) resulted in a
substantial increase in percentage sigma, Decreasing the Cr content (VFA487)
had no discernable effect.' cse results highlight the sensitivity of the Fe-37Cr
alloy to slight variations in the -mount of sigma stabilisers added, i.e. small
variations in Mo content have [. ,",Iter effect on sigma formation than equivalent
variations in Cr content.

The fact that most of the alloys were free of sigma after solution annealing and
quenching indicated that the procedure could be used successfully to remove the
phase after HIPping.
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However, VFA 423 (Fe-J7Cr-2Ni-4Mo-0.2Ir), DS-1 (Fe-36Cr-2.6Ni-4Mo) and
DS-C (Fe-36Cr-2Ni-4Mo-0.3Ru) still retained residual sigma. The behaviour of
VFA423 and DS-C could be due to the possibility that the platinum group metals
act as sigma stabilisers, However, at Pi esent there is no direct evidence to
support this suggestion. The behaviour of DS-I (cast in air) was initially
considered unusual since an equivalent alloy of similar composition, VFA 417
(cast in vacuum), responded favourably to solution annealing. However, VFA417
did contain 0.21 percent Al which would inhibit sigma formation.

The presence of sigma after HIPping may not be entirely detrirnental. There is
evidence' that the dissolution of sigma phase, in the appropri: .e morphology,
may improve touglmess by inducing mobile dislocations after solution annealing.
This aspect should be kept in mind in future work.

5.7. Fe-40Cr-4Mo-2Ni alloys.
Alloys such as Prem V and VFA 487 have a nominal composition of
2Ni-2Mo-38Cr. It was felt that the corrosion resistance of these alloys could be
increased with the further additions of 2 percent molybdenum. Furthermore,
additions of ruthenium and iridium, singly and together, were also made. The aim
of the trial was therefore, in terms of chemical composition, to produce a highly
alloyed 38Cr steel with the maximum corrosion resistance.

All of the 2:Nl~4Moalloys exhibited severe cracking after HIPping. This effect
was not as easily observed in earlier trials since specimens with a smaller circular
cross section were used. On larger test pieces, the cracks were more readily
apparent and are due to the formation of bulk sigma throughout the
microstructure. Since M~ is known to be a potent sigma former, it is apparent
that the extra Mo additions promoted the bulk sigma formation. The cracking is
sufficient to render useless any component produced from these alloys.
Therefore, whilst from a corrosion standpoint a four percent Mo addition would
appear theoretically justified, the resulting HIP alloys are far too brittle to
withstand the rigours of cutting and machining. In fact, the alloys may have even
cracked during casual handling. The use of powder metallurgical versions of
these alloys in any commercial application is therefore not recommended.

The hardness values of the HIPped alloys, summarised in Table 4.13, provide an
indication of the amount of sigma present in the microstructure. A fully
sigmatised microstructure has a hardness of approximately >890Hv. A
solution-annealed material consisting exclusively of ferrite has a hardness of
about 240Hv. Microstructural examination, coupled with hardness values,
indicates that a hardness in excess of 250Hv should be indicative of the presence
of some sigma in the microstructure.
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All of the as-Hll'ped 2Ni-4Mo alloys have hardness values between 71OHv and
890Hv, showing that large amounts of bulk sigma phase are present. This
explains the widespread cracking and brittleness of the ~lI('Ys. It is interesting to
observe the cracks extending from the comers of the. .:eSS indentation. These
cracks are referred to as Palmqvist cracks and are often utilised in the hardmetals
industry to provide approximate values ut the toughness of cemented carbides.
However, the principle is extended to other brittle materials as well, such as the
sigma phase. A shorter crack length is thus indicative of greater toughness within
a brittle material.

Heat treating does not result in crack closure. However, in terms of
characterising the further behaviour of the Fe-40Cr-4Mo-2Ni alloys, heat
treatments are informative, Initial trials with these alloys involved solution
. annealing at 12000C for 2 hours, followed by an iced brine quench. It was felt
that these parameters, while generally effective, were too severe and could lead
to component distortion. In addition, many commercial rumaces have an
operating limit of 1200oC.

It was therefore decided to pursue a less extreme annealing treatment at 11OODC
for two hours followed by quenching in water held at room temperature. The new
solution annealing conditions provided mixed results. Alloys such as DS-I,
DS-C, VFA 417, VFA419, VFA423, and VFA543 softened appre bly to
values of 274~277Hv. The similar hardness values, after solution anneaung, are
indicative of the similar compositions of these alloys, and indicate a consistent
response to solution annealing. VFA 420 exhibited very little sigma phase
dissolution, with (111 annealed hardness value of 736Hv. Thus this trial indicated
that the solution annealing treatment can be used effectively on most of these
alloys.
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5.7.1 Microstructure of VFAS_:1)J21-lclMil:Q.4Nb-40Cr) ..As-HIPnccl
This composition was devised in order to test the effectiveness 0+' niobium
additions. It was felt that a 40Cr-Fe alloy with a 4 percent molyhden.uu and 0.4
percent niobium content should offer excellent pitting and intergranular corrosion
resistan,» ,

After HIPping, the alloy consisted of approximately 90 percent sigma. The
microstructure is shown in Figure 4.9. The brittle nature of the sigma phase is
highlighted by thp fact that widespread macroscopic cracking across the entire
cross section of the specimen occurred. These cracks were clearly visible on the
fresh, newly cut surface. a11(1were obviously not brought about by grinding or
polishing, but were rather due to casual handling after HIPping. The addition of 4
percent molybdenum, whilst enhancing corrosion resistance. enhances the
formation of sigma phase to an excessive degree. This as-Hll'ped alloy is
unusable and would break apart during any machining operation.

The inclusion content was fairly high, and certain Il1l!hSlII'CS would have to be
undertaken to improve the cleanliness of the powder production process.

A large number of inter- and intraparticular precipitates arc present 111 .he
microstructure. The interparticulnr precipitates have different sizes and
morphologies compared to those which occurred within the particles. The latter
within the particles arc widespread and homogeneously distributed, and have a
rounded, spherical morphology and correspond to the usual morphology of
niobium carbides. Conversely, the precipitates on the particle boundaries are
larger and appear ovular, rather than spherical in shape. The composition of'these
precipitates is probably also linked to the niobium additions.

,5,·7 ·~Jy1j_gm1'1!11ruun!_J)f Yl::~~~t3j1~i·t~t()cDJ):c+Nh:,~1n~:r),:llt,?;}JJl·cii;lt~,~!
A microstructure consisting of ferrite (Figure 4.22) and approximately :; percent
sigma is 'uppanmt after heat treatment. Some of the sigma is localised and
appears to follow the path of the pre-existing cracks. This might be due to some
type of strain effect associated with the material surrounding the crack. which
enhances the stability of the sigma, such that the phase can resist solution
annealing or reform quickly during the quenching stage.

The cracks which were present after I Ill'ping are still visible after heat treatment.
This is expected since there is no driving three for crack closure during heat
treatment under atmospheric pressure. The appearance of the inter- and intra
particular precipitates was unchanged. This is an indication of the stability of the
precipitates.
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~.8. 38 or 40Cr alloys with 2Mo-)Ni
In these trials, alloys with 38Cr-2Ni-2Mo (Prem V, VFA 487) exhibited the best
overall characteristics. They embrittled easilv to facilitate powder manufacture
whilst still forming the lowest amount oi'sigma (20 percent) after HIPping.

It was felt that corrosion resistance could be improved by increasing the alloying
additions. Trials with the 4Mo-2Ni compositions indicated that further Mo
additions were deleterious. It was decided that the chromium level could be
increased to forty percent Cr without exv .sive embrittlement. An addition of
0.4% Nb was considered to be beneficial in terms of promoting resistance to
intergranular corrosion, as well as inhibiting the sigma phase. Ru (0.15%) was
added to enhance cathodic modification.

VFA622 (40Cr-2Moq2Ni-0.4Nb) underwent massive cracking after HIPping,
with virtually 100 percent sigma formation and a Vickers hardness in excess of
800Hv. This result is unexpected, since the increase in Cr and Nb was
considered minor, This indicates that, when alloyed with Ni and Mo. the high Cr
alloys are most likely extremely sensitive to Cr content. Therefore, the small
increase in Cr, from 38 to 40 percent, could have increased the rate of sigma
phase formation dramatically. Another possibility is that the Nb additions
promote the sigma phase. However, work by Premanchandra" indicated that this
should be unlikely, It is plausible that the 0.15 percent Ru played a .ole,
considering the work of Wolff et al-",

The response of VFA622 to solution annealing is satisfactory, with a solution
-mnealed hardness of 253Hv. However, the cracks occurring after HIPping were
not closed. This composition therefore cannot be used in commercial applications
when manufactured by this specific route.
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.5.9. The extra-comml}1!ited powder VFA543 (31)001012)
The microstructure of the milling media was martensitic and is shown in Fibl1UC
4.36. The chemical analysis is shown in section 4.5.1. The hardness of the steel
media was 715Hv. A normal size distribution, in Figure 4.37, was apparent after
the extra milling of VFA.54~. The average particle size was 6 microns. There was
a mild peak in the number of particles occurring in the three to one micron size
range.

SPOO10 12, ill Figure 4.38, consisted totally of sigma phase after HIPping.
Palmqvist cracks were present at the indentation comers, indicating the
brittleness of the phase. A detail of the inden: ation comer may be seen in Figure
4.39. The Palmqvist cracks passed directly through the individual sigma particles
and did not travel preferentially around the particle boundaries. The particle/grain
size was extremely fine. Figure 4.40 shows the diffusion zone! which was similar
in appearance to the zones in alloy 51'001008. However, SPOO 10 12 had a far
finer dispersion of precipitates. The duplex: microstructure of JerrH~ (dark areas)
and sigma (light areas), after solution annealing, may be seen in Figure 4,.11. The
grain size was very fine and individual grains were not readily discernable, The
sigma dispersion was homogeneous throughout the material.

The shape of the size distribution curve of the powder produced by ball milling is
similar to those observed in previous trials, and the average panicle size IS
similar to SPOO1008. Therefore, it appears that when similar milling parameters
are utilised, there is a fair amount of reproducibility in the ball milling process.

The aim of milling the 1Ni·4Mo·OANb·40Cr alloy to below six microns in size
was to determine the effect of reductio; in starting particle size would have on
sigma formation and on the toughness of the material. The same milling
equipment and similar milling and powder charge parameters, as described for
batch SPOO1008, were utilised. Although no carbon content analysis was made
on this lreavilv milled material, it is expected that similar levels of carbon
contamination (in the range of 0.20 0(') would have occurred.
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5.~.1 Microstructure of extra-cOlmp.unitedVFA543 (SPOO1012)-As-HIPped

The He! etched surface has f,w discerning features, apart from entrapped bodies
outlining individual particle boundaries (Figures 4.38-4.39).

When etched with Murakami's reagent (Figure 4.40), the as-HIPped material
exhibited the typical three zone diffusion layer. The core is rich in carbides,
which is expected, due to the high level of carbon contamination occurring during
milling.

The HCI etchar,' revealed a microstructure consisting of over 95 percent sigma.
This was confirmed by the Vickers hardness value of 876Hv and the distinct
Palmqvist cracks at the comers of the indentation. These cracks nm directly
through the particles of the hard phase, and do not follow the particle boundaries.

It is clearly evident that the starting particle size influences the microstructure.
Precipitates and sigma phase grain size are finer and more homogeneously
distributed throughout the microstructure,

The only possible benefit of having a very fine particle size appears to be a slight
improvement in the grinding and polishing characteristics of the material. This
could be due to the small particle size having a certain, limited effect in retarding
crack growth during grinding.

The reduction in particle size produced a marginal improvement in the toughness
of the alloy. The homogeneous dispersion of fine isolated sigma particles instead
of a single large sigma body occupying the same volume is attributable to the
milling process. For example, during sample cutting, preparation and polishing,
there was a somewhat diminished susceptibility to cracking. This is most likely
due to the tine particle size. Cracks would have to propagate through individual
sigma particles instead of large bulk bodies of sigma. Crack propagation occurs
more easily through large brittle bodies than through smaller brittle bodies.

However, the fact that some specimens still cracked during sample preparation
highlights the minimal improvement to be gained from this microstructural
modification.
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5.9.2 Microstructure ofextra"communited VFA543 (SPOOI012)-heat treated.

The microstructure (Figure 4.41) consisted of an extremely fine ferrite matrix
with a widespread. homogeneous dispersion of sigma phase particles. A fine,
even dispersion of precipitates was also present. The particle boundaries of the
individual grains are not clearly defined and are difficult to discern, even at a
magnification of 1000X.

The presence of the sigma particles after solution annealing indicates that not all
of the sigma was taken into solution during the 2 hours at 1100ne, or that the
cooling rate during quenching was too slow to prevent sigma formation. This
alloy has a hardness of 318Hv, which is consistent with the presence of some
sigma.

The presence of sig-na after solution annealing is unusual since the same alloy,
with a larger average particle size, responds successfully to the same heat
treatment. This implies that the degree of sigma formation is correlated to the
size of the starting powder particles. A smaller particle size provides a greater
boundary area on which sigma can nucleate.

In terms of commercial application, this composition is still too brittle for use.
The slight improvement in toughness gain. J by particle size reduction and
homogenisation is insufficient to justify any further development work OIl this
particular alloy.
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5.10.1. Microstmcture of Fe (SPOOI008). - As-HIPpe£!
Figure 4.42 shows a cross section of the region in which the powder was in
contact with the canister. Four distinct zones are present: the mild steel cylinder
(D), a region of particle or powder grain growth (C), a zone which is free oflarge
precipitates (B) and a zone which is rich in large precipitates (A). There are also
fine precipitates at individual particle boundaries. No sigma phase was observed.
A detailed view of the core section (A) with precipitates in a ferrite matrix is
shown in Figure 4.43. The microstructure after solution annealing (Figure 4.44)
appeared very similar to the as-HIPped material, except that the precipitates, at
the boundaries of the enlarged particles (C), went into solution. Figure 4.45
shows that the core microstructure (A) appeared unchanged after solution
annealing. In Figure 4.45, no obvious distinction was apparent between the
starting pure Fe and the 4()Cr~Fe particles. The ferrite microstructure did not
show any areas of preferential attack, which would be indicative of a Cr deficient
region. This was continued by the elemental scans (Figure 4.65) and EDS spot
analysis (Table 4.4) which indicated that there were no large scale Cr deficient
regions or variations in Cr content. The higher magnification examination in
Figure 4.43 reveals that the greyish precipitates, which were readily apparent in
the VFA622 alloy (Figure 4.32), were not visible in 1i:e VFA622+Fe
microstructure, The precipitate" in the core section (A) were identified as
carbides by virtue of their etching characteristics in Murakami's reagent. EDS
analysis, shown in Table 4.5, indicated that the precipitates were enriched
primarily in Cr, Fe, and Mo. The areas surrounding the precipitates thus would
be expected to be more vulnerable to corrosion due to depletion of Cr and Mo
from the matrix.

The fine bodies surrounding each powder particle are probably contaminants or
surface oxides trapped on the particle surfaces. The presence of these bodies is
unavoidable, although their number could be minimised. The inclusions arise due
to exposure to the atmosphere or pickup during the powder manufacturing
process. Even high purity gas atomised powders exhibit these inclusions. Work
at Ultra High Pressure Units has shown that certain concentrations of these
inclusions arc not necessarily harmful to the properties of the material.

The three distinct regions in the. as HIPped material are essentially brought about
by diffusion processes. The left-most region- of the microstructure (A-Figure
4.43) is rich in carbide or carbo-nitride precipitates, since they were
preferentially etched by Murakami's reagent. The precipitates are not evenly
dispersed throughout the core of the microstructure and regions which are
distinctly free of precipitates are evident.
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This may be due to incomplete mechanical ITIlXmgas well as insufficient
diffusion, homogenisation during the HIPping process. The following mechanism
is proposed to explain the variation in microstructure. If it is assumed that the
carbon gained during milling is evenly distributed throughout the individual Fe as
well as the 40Cr-Fe particle", it can he seen that there is a greater tendency to
form precipitates in the regions with 40Cr-Fe. This is because the solubility of
carbon and nitrogen, in Cr-Fe alloys, decreases as the proportion of Cr increases.
Carbon and nitrogen precipitate as carbides and nitrides when their solubility
limit in the ferrite phase is exceeded. The excess carbon would thus tend to
enhance precipitate formation in 40Cr-Fe particles. On the other hand, the iron
rich regions (particles) would tend to retain the interstitial elements in solution,
and no precipitates would form. This is because they have a low chromium
content, and therefore a far higher solubility for interstitial elements than the
surrounding alloyed powder particles. Thus, there would be iron-rich regions of
the microstructure with an absence of large precipitates.

A precipitate free zone (B) occurs throughout the circular cross-section, at a
uniform distance from the mild steel canister. It is considered unlikely that a
lower level of carbon should be present in this zone relative to the core. The
40Cr-Fe alloy. in contact with the mild steel canister, should actually act as a
carbon sink. The low carbon content of the alloy, lower than the levels present in
industrial grade mild steel, would cause a concentration gradient between the
alloy and the mild steel. Carbon would therefore have a tendency to diffuse from
the mild steel into the alloy. Therefore, a higher concentration of precipitates
should actually be observed adjacent to the canister. This apparent contradiction
between observation and theory can explained by considering another possibility.
The mild steel contains no chromium, whilst the powder alloy is chromium rich.
It is probable that chromium diffused from the powder alloy and into the mild
steel. This would result in a lowering of the chromium content of the affected
particles. A lowered chromium content would increase the interstitial element
solubility of the alloy. This would mean that there would be a reduced tendency
for precipitation. The tiny, 50 micron thickness of the precipitate-free zone,
would be due to the relatively poor mobility of the chromium atoms, during
diffusion. At a diffusion distance of greater than 50 micron from the canister,
insufficient chromium loss would have occurred in order to affect interstitial
dement solubility to any great extent. Hence, precipitate formation occurs in the
core only. This theory was verified by SEM spot analysis (Table 4.4) of the
precipitate-free regions. The core region was found to contain 28.3 percent (1'
whereas the precipitate-free diffusion zone (B) contained only 22.7 percent Cr.
Since the solubility of carbon increases WIthdecreasing Cr content in high Cr-Fe
alloys it can seen that the assumption regarding the preferential precipitation of
carbides in specific regions of the HIPped compact was justified.
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The third zone, zone C, consists of a region of enlarged particles adjacent to the
mild steel canister. This zone is extremely thin, of the order of 10 microns. These
particles are free of large precipitates internally, although other fine, well defined
precipitates occur at the particle boundaries. It is felt that these regions could not
be mistaken as being grains of the mild steel canister. This is verified by
examination of the mild steel grains, in which it can be seen that the grains arc
maov orders of magnitude larger than the particles in zone C. In addition, the
enlarged particles are still present in the microstructure, even after the mild steel
has been removed by nitric acid. The reason for the lack of internal precipitates is
as mentioned previously. At present, no explanation can be offered as to the
reason for this preferential particle growth. Such phenomena has not been
encountered in work involving other alloy powders.

The entire object of mechanical mixing is the retardation of sigma phase. In this
respect the trial is successful. No sigma phase is apparent in the microstructure.
Sufficient diffusion occurred such that the overall Fe level was increased, and
therefore the formation of sigma was inhibited. However, as mentioned
previously, there is reason to suspect that the alloy is not entirely homogeneous.
This would affect the mechanical and corrosion properties of the alloy. Corrosion
and mechanical testing is required. This would be informative, since SPOO1008 is
nominally similar in composition to AL~29~4-2, a well known, commercial
superferritic alloy. Appropriate comparisons could therefore be made.
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5.10.2 Microstrllcture of Fe (SPOOI008), - heat treated

The microstructure of the solution annealed alloy appeared very similar to the
as-HIPped material (Figures 4.44-4.45). The three distinct zones were still
present. The core was still rich in precipitates. The only apparent difference is in
the zone with enlarged particles. The precipitates at these grain boundaries are
absent since they have gone into solution. This strengthens the theory that they
are indeed precipitates and not some form of entrapped inclusion. Solution
annealing did not affect the bodies surrounding the powder particles at the core
of the specimen. Another aspect which this trial revealed is the stability of the
Cr-Fe-Mo carbides. The EDS analysis of the carbides is shown in Table 4.5.
These did not go into solution, and have a similar size and morphology as in the
as-HIPped material. From a purely microstructural viewpoint, this indicates that
this particular alloy does not respond well to the current heat treatment.

It must be mentioned that during the majority of applications, the diffusion zone
will most likely be removed during initial machining. The diffusion zone will
therefore not playa role in commercial applications of the alloy.

5.11. Extra Fe alloys (hand mixed)
The microstructures of hand-mixed VFA543 and VFA622 with Fe additions are
shown ill Figures 4.46·4.48. No immediately obvious sigma phase or large
carbide bodies were apparent after HIPping. The as-HIPped hardness values of
VFAS43+Fe and VFA622+Fe were 238Hv and 224Hv respectively. The
microstructures of VFA543+Fe and VFA622+Fe are similar, therefore only the
microstructure of VFA622~1Fe is shown. The hardness values are 242Hv
(VFA543+Fe) and 212Hv (VFA622+Fe). The micrograph of VFA622+Fe in
Figure 4.46 was taken nenr the edge of a Vickers indentation around which
plastic deformation was apparent. Strain or slip lines caused by the indentation
are apparent in one of tht.: particles. A number of relatively coarse inclusions
were present within the particle. The microstructure after solution annealing of is
shown in Figures 4.47 and -t4R.

The addition of extra Fe to YFA543 and VFA622, by hand mixing. provided
information on whether the process can be used as an alternative manufacture
route for powders. The aim of adding the extra Fe is to produce an alloy which is
free of sigma phase after HIPping. This would work by effectively lowering the
overall Cr content of the alloy, thereby inhibiting tIll' tendency for sigma
formation. The trial also provided inforre..tion on the d'~blfeeof homogeneity
brought about by diffusion processes during HIPping.

197



The results of EDS spot analysis and elemental scans are given in Table 4.6 and
Figures 4.66b4.69 respectively. These indicated that reasonable homogeneity in
composition was achieved and that no pure Fe particles remained after HIPping.

Comparisons can also be made on the effectiveness of simple hand mixing versus
ball milling in providing a homogeneous, HIPped structure.
After IDPPing. both of the hand-mixed alloys appear f", be free of any ObVIOUS

sigma phase (Figures 4.46-4.48). This is reflected in luI. lW hardness values of
238Hv (VFA543+Fe) and 224Hv (VFA622+Fe). The hardness tests were taken
at variety of positions within the cross section of the test piece and were found to
be reproducible. No "hard" or "soft" spots were found. The unalloyed powders
have as-HIPped values in excess of 800Hv.

The results indicate that it is likely that sufficient diffusion between the alloy and
Fe particles did occur such that the sigma phase was inhibited. This was
confirmed by the EDS spot analysis of 34.2%Cr (Table 4.6) and the elemental
scan in Figure 4.69. Perhaps a more important result derived from the EDS
analysis was that the combined Mo and Ni content was less than four percent.
Earlier trials with alloys VFA390-395 showed that a combined minimum content
of at least four percent was required for bulk sigma formation Fe-40Cr-Ni-Mo
alloys.

The lack of large carbides in the mixed powders is an advantage over ball milled
material. The existing ball milling process introduces undesirable levels of carbon
into the powder. The hand mixed alloys exhibit very little change in
microstructure after solution annealing. VFA.543+Fe remained virtually
unchanged at 242Hv. whilst VFA622+Fe softened slightly to 212Hv. This
indicates that there could have been small traces of sigma which were removed,
or perhaps sor-e of the carbide precipitates had gone lIllO solution. The small
changes in hardness indicate that these reactions should only have occurred to a
limited extent.

The main advantage of using hand mixing is that it is a quick and inexpensive
means of adding controlled amounts of an alloying element to a powder. Hand
mixing allows for very low levels of contamination and requires minimal energy
input.

The disadvantage is that hand mixing cannot achieve the same degree of powder
homogeneity as high energy ball milling. but instead has to rely on diffusion
precesses during Hll'ping to achieve compositional uniformity, In tenns of
corrosion resistance, inhon., geneous areas in the cross-section which have low
Cr contents would tend to be attacked preferentially in aggressive environments.
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In addition, both hand mixing and ball milling require Fe powder of high purity to
be obtained. This contributes to increasing the overall cost of the final alloy.
Also, the addition of the actual mixing stage adds another step to the powder
production process and renders it more complex. Another disadvantage is that
only relatively small volumes of powder can be manufactured. Any future use of
hand mixing will depend on the homogeneity of an alloy after HIPping as well as
the added COStS required.
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5.I.e... Microstructure of duplex alloys

Microstructures of the synthetic duplex alloy manufactured from various
proportions of 316L and VFA622 powder are shown in Figures 4.49-4.58 .

.2..1? 1. 20% 316L+80% VFA622
In Figure 4.49 (20% 316L + 80% VFA622) prior particle boundaries are evident.
The smaller, rounded particles are 316L material, whilst the larger, irregularly
shaped regions are V \62? The dark region in the centre of the .nicrograph is a
non-metallic inclusion. Figure 4.50 shows sigma phase in the microstructure in
the duplex alloy. The sigma phase is evenly dispersed and does not occur in large
contiguous bodies. The sigma morphology differs fr0111that found in HIPped
VFA622 in having a lamellar appearance and is far finer in appearance compared
to the standard VFA622 material in which bulk sigma was formed. The sigma
bodies occupy approximately 10 percent of the microstructure. Figure 4.51
showed that aft-; solution annealing, the microstructure appeared predominantly
ferritic. This indicated that heat treatment was successful in removing the sigma
phase.

The as-HIPped alloy exhibits only small amounts of sigma phase, as can be seen
by the fairly low hardness value of 286 Hv. The addition of the 316L material
seems to have a retarding effect on sigma formation, The retarding effect of the
316L material is possiblv due tv the diffusion of chromium from the VFA622
regions to the ~1ol, mg;I.,.'1w and the diffusion of iron in the reverse direction. The
overall effect would ~·e a lowering of the chromium content of the VFA622
particles. The 10\'" ering of the chromium content would therefore inhibit sigma
formation, The Mo contents of 316L and VFA622 are similar and there would be
little tendency for Mo diffusion. Ni diffusion could also occur, but due to the
smaller difference in content the diffusion gradient would not be as large as for
chromium or iron. Heat treatment successfully removes all the residual sigma and
this is apparent in the lowered hardness value of 219Hv. There does not appear
to be a readily observable diffusion zone in the regions in \.,..iere the two
materials are in contact. The appearance of large non-metallic inclusions (Figure
4.49) may be traced back to impurities which were introduced in the VFA622
powder manufacturing process, It was difficult to avoid the additions of some
inclusions during the casting process. In addition, the equipment used to mill the
VFA622 powder had traces of silica which were impossible to remove
completely prior to milling. In commercial applications the cleanliness of the
powder would have to be improved to above the current level.
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5.12.2. 5()~,'OJ.H!L+SO% VJ~6622
The 5000316L+50% VFA622 material is shown in Figures 452-4.5,). No prior
particle boundaries ". ~re observed in the as-I Ill'ped 50% 3161, + sm·;) VFA622
material (Figure 452). There appeared to be roughly equivalent areas of etched
light (austenitic-Hnl.) and dark (fcrritic- VFA(22). The light etched regions
occurred as both large and smaller isolated bodies. Alter solution annealing, the
average size of the light etched (possibly austenitic) regions had {i"(,feased
(Figure 4.53). There was also a smeller number of the light etchina isoiared
bodies compared to the as-HIPped state. Points (A and B) were analysed by
SEM spot analysis,

This composite alloy exhibits the most interesting response to J Ill'ping. 1\
classical duplex ferrite-austenite microstructure is observed without any prior
particle boundaries. The distribution of the ferrite amongst the austenite is not
particul uly homogeneous and large bodies of ferrite arc found in close proximity
to smaller isolated ferrite regions (Figure 4.52). The decrease in hardness from
272Ilv (as-Hll'pcd) to 248I1v (UnCI' solution annealing) indicates that son"
sigma phase may have been taken into solution. The decrease of 24 hardness
points is not particularly large, and since any sigma phase material only
comprises a proportion of'the VFA622 particles it would therefore tend to have a
smaller influence on properties,

~J"J.:.:~.~mi~.J}~1L.,L~m~,!YI:~~~~~g
Figure 4 5·l shows the HOO () 316 I I 2()OoVFA62:! alloy in the as ..l IIPp\!d state.
The microstructure consists of well distributed ferrite tdark) particles within an
austenite (3161 .) matrix. The microgrcpl. of the us-Illl'pcd alloy in Figure 4.55
indicated the presence of sigma-phase (etched light) within a particular ferrite
particle. The sigma appears tn have formed in two distinct morphologies: bodies
of hulk sigma and tine lamellae. Figure 4·56 highlights the comparison between
the different sigma phase morphologies. Tl-c lamellae arc Iairly line and
individual brunches were hardy resolvable at 50()X rnugnificetion. Certain arcus
with lamellae appeared to run directly into budics of hulk sigma. The results or
microhardness and l:I)S analysis of the lamellar sigma phase arc given in Tables
4.R~4.9 anu show that tIle sigma lun.ellue are harder dum "Ilt.! ferrite matrix. l'hc
sigma phase \'HIS enriched in Mo and ('I' and had a composition which differs
from thl! hulk VFA622 alloy. 'Ihe effect of solution annealing may he seen in
Figure 4.57. which shows a VFA622 particle in 31 N, matrix. lcrrite prains were
readily apparent within the panicle. Small sigmu j-hase l'cl'hms were present at
the grain boundaries, as well as at intcrgrunulur positions within the ferrite. t:
three phase microstructure I:ollsbting. of austenite, ferrite and sigmu phase may
be seen in Figure 4.58. The austenitic ~161 phase and sigma phase were
untouched by the etchunt,



The VFA622 particles were clearly distinguishable by their jagged, irregular
appearance. Darker etched ferrite regions were easily noticeable as was the
appearance of sigma phase within the ferrite. Some of the VFA622 particles
exhibited a clear diffusion zone with the surrounding 3161. particles (marked as
point A).

The fairly uniform distribution of VFA622 particles in this alloy indicates that
relatively simple mixing techniques are effective in producing a satisfactory
particle dispersion (Figure 4.54). The 3 I 6L appears to have S0111eeffect on the
VFA622 microstructure since the sigma phase shows a greater tendency to occur
as lamellae. Ihe diffusion zone in the as-HIPped steel is apparent, and can be
seen by the tendency of the ferrite particles to respond less readily to etching ill
certain regions (Figure 4.58).

The solution annealing treatment is able to remove most of the sigma, as can be
seen in Figure 4.57. It must be mentioned that the hardness values obtained from
this alloy are misleading. Canister leakage occurred during the HIP process.
Argon gas was trapped in the pores and full densification was not achieved. The
pores are not easily seen on the etched surface, but are readily apparent in the
unetched state. The effects of porosity in a steel are well documented. Increasing
porosity leads to a decrease in corrosion resistance, tensile strength, impact
toughness and hardness. This can be seen from the low hardness of the
as-HIPped steel at 194Hv and the decrease after heat treatment to below the
limits of the Hv30 scale. However, valid microstructural characteristics may still
be obtained from this alloy. The dat+ etched regions occupied approximately 40
percent of the microstructure, whereas they should only occupy twenty percent of
the visible areas since only 200.0 VFA622 was added. This could be due to
inefficient mixing, resulting in segregation of the VFA622 particles. Certain areas
of the compact could have a greater number of VFA622 particles than other
regions. Alternately, ferrite stabilisation of the areas surrounding each VFA622
particle could have taken place, thereby producing a greater percentage of dark
etched areas.

The results of micro-hardness tests arc informative. A distinct difference in the
hardness of the ferrite (339Hnu;r<.l) and sigma tamellae (529Hm,cw) was observed.
This confirmed that the lamellae 'were composed of a harder phase. However, a
reference hardness test performed 011 an alloy containing near 100 percent sigma
phase (VFA543) produced a value of I555IImi'ft\. The 100\'cr hardness value of tho
sigma lamellae relative to the reference alloy can be attributed to the far softer
ferrite phase which formed between the sigma lamellae. The micro-hardness
result was therefore :hl overall value obtained ove: a region containing both
sigma phase and ferrite.
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The presence of fine porosity in the compact is not considered to affect the
micro-hardness results since the porosity could only occur at the interfaces
between individual powder particles and all micro-hardness results were taken at
intraparticular regions. The appearance of sigma lamellae is not restricted solely
to the ultra-ferritic alloys and similar morphologies have been reported by
Jackson'? in duplex stainless steels.

An interesting result is obtained upon examination of the chemical composition
of individual sigma lamellae (Table 4.9). The sigma is significantly enriched ill
both cbromium and Mo relative to the bulk alloy. An important finding by
Premachandra" was that the sigma phase was formed by two different
mechanisms which influenced the composition of the phase. In the first
mechanism the conversion from ferrite to sigma would occur without any major
partitioning of the elements to either ferrite or sigma. Short range diffusion across
an incoherent reaction interface would occur and the Fe and Cr atoms in the
ferrite would simply re-arrange into the sigma structure. There would therefore
be minimal compositional difference between the sigma phase and the bulk alloy.
It was found that the bulk alloy composition had to lie within the sigma phase
field of the phase diagram for this first mechanism to be dominant. The second
mechanism was more involved and occurred when the composition of the bulk
alloy lay within the duplex sigma plus ferrite region of the complex phase
diagram. In this situation the composition of tho srgma phase would differ from
that of the bulk alloy and be determined by the appropriate tic lines on the phase
diagram. Certain elements would thus parntion preferentially to either 'he ferrite
or sigma phase, In effect, the following eutectoid reaction would occur:

rr(mctastablc) -1> u (stable) + a
The presence of lamellae and the composition of the sigma phase may therefore
be explained by the occurrence of the second sigma formation mechanism.
However, this implies that the regions which cxhinited the sigma lamellae have
local compositions which he in the duplex sigma plus ferrite region of the phase
diagram. Since the lamellae morphology was not observed in the plain VFA622
alloy it may be deduced that the bulk composition of the alloy most likely lies
within the sigma only phase region. Therefore the second mechanism would only
occur if there was some diffusion between the VFA612 and 316L material. This
could then shift the composition of localised regions of the VFA622 particles
into the sigma plus ferrite region such that the cutectoid mechanism of sigma
formation would be dominant.
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5.12.4. 50% Has.teUo,l:C +50% I2tnn V
Figure 4.59 shows a microstructure consisting of Prem V particles surrounded by
equal proportions of Hastelloy C particles. The ferrite grains (A) were etched
dark, whilst the sigma. phase within the Prem V particles was etched light. The
adjacent Hastelloy regions tI3) consisted of numerous carbides embedded ill a
NiMCr~Mo matrix, A distinct diffusion zone (C) was apparent between the Fe-Cr
and Hastelloy regions. A Prem V particle exhibiting a high proportion of sigma
phase in the ferrite matrix is shown in Figure 4.60. Very fine precipitates were
also barely resolvable at the 500X magnification. The percentage of sigma was
expected from the behaviour of the Prem V alloy. The diffusion zone was
generally free of sigma phase. carbides or arty other precipitates. The
well-defined, spherical particles (point A in Figure 4.6D) were inclusions which
were introduced during the melting and powder manufacturing process. A
Hastelloy region which was rich ill carbides may be seen in Figure 4.61. These
carbides were irregular in shape, and were not all evenly dispersed. There was it
tendency for the carbides to segregate in groups. I Iowever, this segregation was
not severe and the carbides occurred throughout the matrix. '1110 Ni-Cr-Mo
matrix was 110t attacked hy the Btl or Murakami's etehant and 110 grain or prior
particle boundaries were observed.

The diffusion lone between the different particles (Figure 4.(2) is expected
since Hastelloy C and Prem V have greatly differing compositions. The zone is
characterised by a region which is generally free of carbides and other
precipitates. The llastelloy C regions consist of a Ni ..Cr-Fe matrix which is rich
in complex carbides. The EDS analysis of these precipitates its given in Table
4.10. The compounds were found to be enriched in Mo, Cr, W. and Fe. These
carbides have been verified in the literature as being of the Mile typC'lIl.71.A
detailed description of the crystal structures and lat.ice parameters of tho various
precipitates which can appear in Hastelloy C is available ill reference 70.

Figure 4.62 shows the overall microstructure and the effect of heat treatment
111e diffusion zone between the two materials is more defined. A carbide phase
is present at the boundaries of the stainless steel particles. This carbide phase has
a "stained" appearance. A detailed view of a Premo V particle is given in Figure
4.63. The material responded successfully to heat treatment and no sigma phase
was immediately apparent. The diffusion zone around the particle appeared
smaller than in the as-HIPped specimen. SEM spot unalysis was performed on
point A. The Hasteiloy-rich regions in Figure 4.64 were essentially unchanged
in appearance after solution annealing and consisted of complex carbides in a
Ni-Cr-Mo matrix. The main effect of the heat treatment was an increase ill the
average size of the carbide precipitates.
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The sigma forming tendency of Prem V appears to be unaffected by diffusion
from the surrounding Hastelloy, This could be due to the high Ni and Mo content
of Hastelloy,

In fact, it is surprising that sigma growth is not even promoted to a greater extent.
Solution annealing at 11000C removes sigma from the Prem V particles.
However, no precipitates in the Hastelloy were taken into solution. Some carbide
growth due to the heat treatment was observed in the Hastelloy, This may be
explained by considering the fact that Hastelloy is designed for high temperature
applications (in the region of 12000C). The recommended solution annealing
temperature for the alloy is 1220nC7

(l. The current heat treatment is thus below
the minimum temperature required and this produces coarsening of the carbides.

I
I
III t
I This duplex alloy has a fairly high hardness value (40IHv) after nIPping. The

hardness decreases to 3S7Hv (a relatively high value) after solution annealing. It
can thus be deduced that it is the precipitates in the Hastelloy matrix. and not the
sigma phase in Prem V, which have the dominant influence on hardness.

The "stained" appearance of the diffusion zone in the beat treated alloy could be
due to the movement of carbon into the zone. with the corresponding formation
of carbides. It is unusual that the Hastelloy should be so rich in the carbide
phases, since its starting carbon content of 0.010 OC is very low. It may be
possible that some carbon contamination could have entered the powde r during
mixing with the Prem V powder, although this is considered unlikely.

205



~,Plemental scans
5.13.1.1}.Uoys with pure Fe additi9Dli:..t<iPOQI00R(as-HIl?land VFA622+Fe
Figure 4.65 shows the elemental scan for SPOOI008, as-HIPped, over a length of
123 microns. The region analysed contained lowered and raised regions, one of
which was a precipitate (B). The Cr and Fe contents were fairly uniform. This
implied that the Cr and Fe had diffused nearly completely. However, there was it
sharp dip in the Fe content accompanied by a simultaneous rise in the C1'content
at the precipitate B. The Ni and Mo contents were relatively uniform throughout
the analysis.

SPOOI008 was manufactured by ball milling pure Fe powder with 40Cr~Fe
material. Since SPCDl008 has a relatively tine particle sire (l lnm) a small scan
length (123.3tlm) is used. This provides more detail on a localised area. The Cr
and Fe contents were generally uniform throughout the scan. This is an important
result: it indicates that sufficient diffusion occurred during HIPping to provide a
certain degree of chemical homogeneity. If some homogcnisation had not taken
place, then distinct Fe rich regions with minimal Cr contents would be observed
ill the SCi}....

Some ('1' enriched, Fe deficient areas were detected in SPOO1008 (B-Figure
4.65). Visual identification of the etched surface revealed these to be precipitates.
The precipitates were not prominent on the topography scan since the surface is
relatively uneven. These Cr-cnriched precipitates could possibly be Cr carbides
due to their etching characteristics in Murakami's reagent (Figure 4.60). This
would be consistent with the high levels of carbon (0.176%(') which were
detected in this material and the low solubility of carbon in ferrite. Chromium
carbides arc generally undesirable in stainless steels since they deplete the
surrounding matrix of Cr, thereby decreasing the corrosion resistance in that
localised region. A Cr deficient region. would therefore be expected adjacent to
the P' ecipitate, This is not observed and it could he possible that during llIPping
Cr from ·the surrounding Cr-enriched areas might have diffused into the ('1'
deficient zone, thereby returning the (.'1' content in that region to its original level.
This is plausible if it is considered that the overall ('1' content is high (30°0) and
that none of the original pure Fe additions are detected .

.
The multiple fluctuations ill the Mo and 'Ni readings are not considered
significant. This is because the upper and lov or limits would typically be
between two and zero percent. The fluctuations are therefore in the region of
fractions of a percent and should not denote any major changes in composition.
The Cr and Fe values are an order of magnitude larger and any fluctuations in
these clements are more dominant.
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The VFA622+Fe (as-HIP) specimen (Figure 4.66) had a very smooth, uniform
surface topography without any large peaks or troughs across a length of 125
microns. The Fe and Cr contents were uniform and tended to remain at the upper
limit of the measurement scale. There was a small, localised Mo peak in the fir=
quarter of the scan whilst the Ni had minor fluctuations. As the length of the
scanned area was increased to 504 microns (Figure 4.67) few distinguishing
features with regard to surface roughness were observed. Cr and Fe remained at
fairly even levels and only minor variations are apparent in Ni and Mo content.
When the scanned length was increased to 997 microns (Figure 4.68) , the
surface finish on the specimen was fairly smooth with only a raised region at the
tail end of the scan. The elemental compositions were still relatively uniform
throughout. There was no elemental depletion or enriclunent at the raised point
D; indicating that the raised area was due to surface preparation and not due to
the presence of a wear-resistant precipitate. After solution annealing, in Figure
4.69, F~. Cr, Mo and Ni do not display any major deviations across the scan.
Only minor peaks were apparent in the topography.

Scans of VFA622+Fe (as-HIPped) were conducted over lengths of 124.6mn,
504.3t~m and 996.6~m. This provides more data on micro-segregation. The
curves on all three graphs arc very similar WIthvery little variation in Cr and Fe,
even on the higher resolution 124.6111n scale. This is important, since it provides
some evidence to indicate that HIPping results in a degree of homogenisation of
the blended ferritic powders. This is particularly interesting since the starting
powders particle sizes are significantly coarser (160<particle size<150l11n:
VFA622 and 11~m:Fe) than for SP001008. The coarser particle sizes result in a
decreased surface area along which atomic diffusion can take place. However,
despite uie larger particle size, the alloy appears to have a uniform distribution of
elements. No immediately obvious changes in composition are noticed in the heat
treated specimen (Figure 4.69) although some further diffusion would be
expected due to the kinetic energy supplied during solution annealing. These
results are important since they imply that additions of pure Fe particles by
simple mixing c-uld possibly be a viable method of producing a homogeneous
high chromium alloy which does not easily form sigma phase after HIPping. This
would remove tne necessity for ball milling and minimise carbon contamination
of the duplex powder. The important factor is the distribution of chromium.
Chromium, above a minimum level of approximately 12 percent, is the chief
element responsible for corrosion resistance in stainless steels. The major test of
homogeneity will therefore occur during corrosion tests. In an aggressive
environment, any localised region which is deficient in chromium should corrode
more readily than surrounding chromium-rich areas.
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It must be mentioned that the homogenising effects of hot isostatic pressing have
been reported by other workers" in castings and welds which have been
HIPped72•

5.14. Duplex powders with 316L additions
Whilst the diffusion behaviour of VFA622 with pure Fe additions is relatively
straightforward, the diffusion reactions between VFA622 and 316L are more
complex. This is because the 316L used in this study is alloyed with
approximately 17%Cr, 12%Ni and 3%Mo. There should therefore be a general
tendency for Cr to diffuse into the 316L particles, whilst Ni should diffuse out
into the 40Cr-Fe regions. Fe and Mo diffusion should also occur. However, the
ratios of Fe and Mo are comparatively similar in both materials and therefore a
reduced driving force for diffusion could be expected. It could therefore be
expected that some conversion to ferrite of the austenitic 316L material could
take place. This would be due to the simultaneous influx of Cr (a ferrite
stabiliser) and outflow of Ni (an austenite fanner). The Ni should not have an
effect on the VJ:'A622particles, since each particle should still contain a high Cr
level. This explanation would appear to be feasible from the microstructural
examinations of 80% VFA622 + 20% 316L and 50% VFA622 + 50% 316L in
which ferrite has been tentatively identified as the predominant phase. The
possible "ferrite stabilisation" effect appears most obvious in 50% VFA622 +
50% 316L. In the absence of any diffusion, a microstructure with 50% ferrite
and 50% austenite should be apparent. The presence, (in Figure 4.53), of what
appears to be over 70% ferrite (dark etched) could be an indication that ferrite
stabilisation has occurred. The spot analyses Oll the dark etched phase (identified
:asferrite) and light etched phase (identified as austenite) are informative (Tables
4.7). The dark etching area contained 38%Cr and 4%Ni and should be ferritic,
The light etched phase has 28?to Cr and 7% Ni and the literature" shows that it
roughly corresponds to the composition of a duplex stainless steel, which could
therefore explain the possible increased presence of ferrite.
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5 15.50% Hastelloy C + 50% Prem V
The scan of 50% Hastelloy C + 50% Prem V across 1005 microns is shown in
Figure 4.70. The surface topography was irregular, with a distinctive variation in
Fe, Cr, Mo and Ni content. In the Hastelloy C regions Ni and Mo enrichment
was apparent, whilst there was a decrease in Fe and Cr content. As the scan
progressed towards a 40Cr-Fe particle the Fe and Cr increased to a definite peak
whilst the Mo and Ni descend to a definite minimum value. The centre of a
40Cr-Fe region is shown at point A. The elemental concentration changed as the
diffusion zone was crossed until the centre of a Hastelloy C particle was reached
at B. The pattern of fluctuation was repeated throughout the scan as different
Hastelloy and 40Cr-Fe particles were crossed.

The separate 40Cl'-Fe and Hastelloy regions are distinctly observable in
Figure 4.70. This is due to the vastly different compositions of the two materials.
The effects of diffusion are readily apparent as the Fe and Cr values decrease
whilst the Ni and Mo simultaneously increase as the scan moves from a 40Cr-Fe
particle to a Hastelloy region (between lines A and B). These results provide an
indication of the sensitivity of the SEM scan, since the different materials can
immediately be identified. The spot analysis (Table 4.11) of the diffusion zone
indicates an intermediate alloy which is rich in Cr, Ni md Fe. On a purely
compositional basis, this region of the diffusion zone could possibly be fairly
corrosion resistant due to the high Cr and Ni content.

The sinusoidal variation in composition when moving from the Hastelloy regions
to the Prem V regions indicated that equilibrium in composition had not been
reached. Once the rates of interdiffusion between the two alloys have stabilised,
then a step function variation in composition would be expected.
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.5.16. The effect of HIPping on the kinetics of sigma fonnation
The result obtained by I-IIPpingthe cast, solution annealed, sigma-free material is
particularly interesting. In this trial, the hardness of the cast VFA622 alloy
increased from 238Hv to only 276Hv. This indicates that onlv relatively small
amounts of sigma phase were formed b.. he end of the HIP eye In comparison,
the as-HIPped VFA622 steel consisted completely of sigma phase, with a
hardness in excess of 800Hv. Both the cast and HIPped alloys come from the
same parent melt and therefore should have the same composition. These
hardness differences, therefore, cannot be attributed to differences in chemical
composition.

The only time sigma phase can form in a 2Ni-2Mo-40Cr alloy is during exposure
to the 600-900oC temperature range. During the HIP cycle this occurs during
heating up to the maximum temperature of 1120°C, and also during cooling from
11200C to room temperature. From the trials involving solution annealing it can
be seen that a temperature of IIOOnC is sufficient to take all the sigma into
solution for the majority of the 2Ni-2Mo alloys. Any sigma phase formed during
the heating stage of the HIP cycle. should be removed during the sustain period at
uzosc, It therefore follows that the sigma apparent after HIPping could only
have formed during the cooling stage

Each HIP cycle contains din; ent tbermal loads and the cooling rate is not
consistent. However, examination of the cooling ra.es indicates that there is no
major difference from cycle to cycle. Therefore, while differences ir the HIP
cooling rate may play a role in promoting sigma formation, the role is felt to be
fairly minor.

Another cause for the promotion of sigma could be the possibility that HIPping
might introduce some kind of forging effect on the powder particles. The
hot-worked powder particles would then have more high energy sites to allow
sigma nucleation and growth. The results of the repeated HIPping of a fully dense
specimen made from VFA622 powder reinforces this theory. After the initial
powser consolidation cycle, a hardness in excess of SOOBvwas measured and
the microstructure consisted completely of sigma phase. However, after being
HIPped for a second time ill th~ standard HIP cycle, the hardness of the specimen
decreased to 282Hv and only 30 percent sigma was found in the microstructure.

The following explanation was initially suggested. During the initial powder
consolidation cycle some kind of hot working effect, caused by particle
movement and deformation, could have taken place during diffusion bonding and
pore closure.
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Description

A diagram of the plastic deformation and hot working of powder particles is
shown inFigure 5.1,

Figure 5.3: Plastic, defonnation of sph,q_ricalpowders particles during HIPpi,1.lli/4
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However, it was noted that the HIP sustain period at 1120°C is generally
-: nivalent to an annealing treatment which reduces the dislocation density and
thus the favoured sites for sigma nucleation.

This would cause accelerated sigma formation during cooling, hence the
complete conversion to sigma phase. However, during the second HIP cycle, the
material is fully dense, so no particle movement or plastir deformation can take
place. The four hour exposure at 11200C (maximum HIP temperature) would
therefore act as a stress-relief heat treatment. Thus, an essentially strain-free
material would be exposed to the sigma formation temperature during cooling
and the amount of sigma phase formed would be reduced.

An examination of the consolidation process provides an alternative explanation.
As temperature is applied, the sigma particles pack together but do not deform
appreciably due to their high hardness. The powder speedily transforms to ferrite
once the critical temperature above l050°C is exceeded. Plastic deformation
occurs and the newly-formed ferrite particles weld and form necks at their points
of contact. These necks widen by a process driven by atomic diffusion along the
free surfaces and grain boundaries. Interconnected porosity is removed. After
sufficient time, only isolated, spherical pores exist in a recrystallised equiaxed
microstructure. It could be possible that the material produced by the first HIP
cycle may not be fully consolidated and may 1 -e a profusion of small pores and
defects which offers a favourable site for sigma nucleation. The defects would
not be observed during metallographic examination since the sigma phase is
gouged and cracked during sample preparation, effectively inhibiting detailed
examination. The ferrite formed during the second I-lIP cycle will have a further
four hours to achieve full density and will be more resistant t., sigma nucleation

This theory applies to the cast material since the material is also fully dense and
explains why similar hardness values of 276Hv (cast+Hll') and 282Hv (HIPped
twice) are-obtained. These results are highly interesting, as no mention is made if
the HIP literature regarding similar effects during powder consolidation which
have such a profound effect on the final microstructure.

212



2.17_.CQrt\}~mLl.lgJm"'irtutJE~~~(l~)::~~i;,!M~).allm~il
Figures 4.71-4.72 show the corrosion scans tor Prem V in 10 weight percent
sulphuric acid. The alloy passivated spontaneously in the solution with the
transpassive region starting at approximately 900m V. The passive range was not
static and current density increased gradual!). over an order of magnitude with
increasing potential. The main effect of'heat treatment was to shitt the E"'fl values
to more "oble (positive) potentials. VFA487. in Figures 4.73Q,l.74. underwent
spontaneous passivation in both the HIPped and heat treated forms. The second
scan in Figure 4.73 was due to all error in exrenmental procedure and should he
discounted. A shift to more negative E ,'f! values was observed after solution
annealing. TIK; first scm, in Figure ·+.74 exhibited unchnractcristie behaviour in
t!tP cathodic r UiOIl which was also most likely due to experiu.ental procedure.
Figures 4.7" (, show the corrosion scans t\)1' VFA622 in 10 weight rC'lt'\'llt
sulphuric aci The scans in Pignre 4.75 indicated Irregular behaviour in the
passive region, .vith a tluctuation in the stability of the passive layer. This
behaviour was also observed in the 11\.)<\ttil'ated state. However, the second sean
in 11igurc 4,76 did not exhibit this fluctuation. Table 4.IS summarises the
corrosion data in 1()percent sulphuric acid.

All of the alloys tested in 70 percent sulphuric acid at )"I: (Figures 4.85~4. (2)
exhibited an unusual "Z"ushaped corrosion profile. This was characterised by
current density lncrcasing with increasing overpotential until Rill was reached,
The alloys then underwent a sharp decline in current (it.msity corresponding to
formation of a passive layer. As the ovcrpotential \\\1S raised further the current
density again increased gradually. However, the dcviatiou from classical
corrosion behaviour became apparent in that a second E'II1value was reached III
which a decline in CUlTCr.t thmsity was again observed. Further increases in
overpotential beyond this point resulted in the alhlys \11l"it.!11~oil1g active
dissolution.

The critical values of IL'lI' i,fIl and 1[':1" in 7(1(1,I sulpliuric add arc shown in Table
4.16. The values 11)1'l"'rr could not be readily derived, due to the steep gradient of
the anodic slope which prevented the satisfactory usc of Tafel extrapolation. The
value oficlltwas thus used instead to provide an estimate of'thc corrosion rate,



Prem V. VFA487 and VFA622 passivated spontaneously in the 10 weight
percent sulphuric acid solution. The corrosion rates were therefore very low and
the alloys did not undergo significant attack in the test solution. This behaviour
w expected since these materials contain a very high alloying content. Solution
(' "iling produced mixed effects on the E"'IT values, Prem V moved to more
positive (noble) values, whilst VFA487 and VFA622 shifted to a more negative
potential. This result is contradictory, since Prem V, VFA487 and VFA622 have
the same nominal composition and similar behaviour would be expected.

Potgieter" found that decreasing the proportion of sigma phase ill a duplex
stainless steel resulted in more positive corrosion potentials. This trend was not
observed in VFA487 and VFA622. However, excessive emphasis should not be
placed 011 the equilibriun corrosion potential . These potentials should only be
used as a guideline. Although a higher corrosion potential is considered
beneficial, the values must be evaluated in conjunction with other factors such as
the critical current density, passive range and passivation potential. It is these
combined indicators which provide a more informed judgement of a material's
corrosion resistance.

The O.15%Ru addition in VFA621 did not appear to produce a high improvement
in corrosion resistance compared to Prem V and VFA487. There are a number of
reasons as to why this could be so. Initial reports" highlighting the dramatic
effect of Ru additions examined only the binary Fc-40Cr alloy. The beneficial
effects of 2°~Ni and 2%}Mo additions were not taken into account in those
studies. The addition of these clements could thus overshadow the effects of the
Ru in certain test solutions. Ad~htionany. all' of these alloys passivated
spontaneously in the 10 percent sulphuric acid medium. The corrosion rates were
therefore all low, without any major differences between the various alloys. The
effect of the Ru additions might therefore only become prominent in more
aggressive acid solutions, for which the Ni and M« content do not provide
sufficient resistance.

In the 70% sulphuric solution, the shape of the corrosion CllI'\'CS is unusual since
there are two minima in the current density. This could be interpreted as a
semi-stable passive layer which is broken down and then reforms as the
ovcrpotential is increased, although further cxperirm..'7" ,\1 data is needed for
confirmation.

214



A second aspect of the curves which bears mention, is the fact that the anodic
region does not have a sufficiently large gradient to allow for the determination
of icnrr by means of the Tafel extrapolation, This may be due to the natural
behaviour of these alloys in the test solution. Since a satisfaen nv value for i,,'rr
cannot be obtained. the current density at Lit may be utilised to provide an
approximate estimate of the behaviour in the acidic media. Ih~ approach
provides a conservative estimate of corrosion resistance in a "worst-case"
scenario.

The 70% H2S04 solution at 50(lC is an extremely aggressive environment and
provides a better indication of the corrosion resistance of the various alloys. The
most marked example of this may be seen in comparing the corrosion behaviour
of Prem V, VFA 487 and VFA622: all in the heat treated condition. These are
nominally 39Cr-2Ni-·2Mo"Pe alloys, with only VFA622 containing O.2%n.n.
Prem V and VFA487 have corrosion rates ranging between 8-30mm per year
which is unacceptable in most engineering applications. Alternatively VFA622
has a maximum corrosion rate of only O.2mm per year. This result is important
since it highlights the fact that me benefits of Ru additions only become
noticeable in highly corrosive environments, for which the addition of 2%Ni and
2%Mo alone do not provide sufficient resistance. A comparison with the results
in 10% IhS04 indicates that all alloys passivated spontaneously in that test
environment, and VCiY little differences in corrosion rate could be discerned. The
commercial implication of this data is that Ru additions should only be made
when an alloy is to he utilised in the most aggressive situations, since the cost of
the additions may be unwarranted in certain environments. VFA622 should also
be suitable for highly concentrated H~So.lapplications,
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5.18. ~()IJ'()si(m h~J!illdour (alloys with Fe.l!~l(tW(lQ.'Lt.
5 .ljt~~POO 1OORand VFA622+['i!J.
Figures 4.77-4.78 show the corrosion results for SPOOI008 in 10 weight percent
sulphuric acid. Spontaneous passivation was observed in both the as-I Ill'ped and
heat-treated states. The passive range appeared to be fairly stable in the test
medium and remained within the same order of magnitude with increasing
potential. The inconsistent behaviour of first scan in Figure 4.78 was due to an
intermittent electrical contact in the corrosion testing equipment. Heat treatment
appeared to result in a shift to a lower corrosion potential. However, with only
one reliable scan it could not be determined if the decrease in E"\fT was truly
representative of the behaviour of the material.

VFA622+Fe. in Figures 4.89··t,90. exhibited similar corrosion behaviour in the
70 weight percent sulphuric acid solution, in both the as-HIPped and solution
annealed state. The scans followed the classic pattern of a material which
underwent passivation. However, a deviation occurred in the transpassive region.
The alloy appeared to corrode actively but then CXPl..l ienced a decrease in current
density corresponding to the possible formation of a second passive layer.
Solution annealing did not appear to produce a significant difference in corrosion
behaviour.

The central aim of Fe addinons to VFA622 is to eliminate sigma formation
<luling HIPping, whilst still maintainmg corrosion resistance. In terms of sigma
removal the technique is successful The results of corrosion testing indicate
spontaneous passivation in both the as-HIPped and heat treated states. The
following mechanism could provide a plausible explanntion for this behaviour,

Fe was introduced into alloy VFA622 !JY ball milling (alloy SPOOlOOR).The
main aim is of milling to produce thorough mixing of the individual i'e and
VFA622 particles and communition of the particles. The reduction in particle size
should increase homogeneity during 1Ill'ping, since there would be a shorter
inter-particular dimisi on distance, In effect, each Cr-rich VFA622 particle should
he surrounded by a number of pure Fe particles (Cr-defieient), During HIPping
the simultaneous application of high temperatures and pressures could result in
sufficient diffusion of the ('1' from the VFA622 to the surrounding Fe particles.
This ('1' would then provide the bulk of tlie corrosion resistance in the }it...
particles. Although Ni and Mo diffusion 1.0l11d also occur, these elements are
present in fill' smaller amount!' (2°oNi <lull 20 oMn) compared to the far higher
4000 ('1' content. Then! would therefore tend to be a smaller Ni and M\) diffusion
gradient between the VFA<>22and Fe particles and consequently less of a driving
force for large scale diffusion,
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III the limiting case, in which minimal diffusion occurs, cc mplete dissolution of
the Fe particles in the sulphuric acid would be expected. A "sieve" consisting of
VFA62:' r~.·ticles surrounded by open regions formerly occupied by Fe particles
should be the result after immersion in the acid solution. This should produce
some signs of active corrosion in the potentiodynamic scans. However. the
results which were obtained indicate passive behaviour. This result (combined
with the data from Section 5.13.1) provides evidence that sufficient
interparticular, diffusion took place to ensure overall passivation of the alloy.
These results are observed in the as-I UPped alloy. The subsequent solution
annealing treatment would provide energy for further homogenisation, Heat
treatment results in a slightly lower corrosion rate with a drop in corrosion
potential compared to the as-HIPped state. The decreased corrosion rate could he
due to further homogenisation in heat treatment. This alloy contains a high C
content (O.l76°oC) and is ccrrespondingly rich in cnrb.dcs. However, despite the
evidence that these carbides are possibly enriched in ('1' and Mo, the alloy still
exhibits a low Ol1'OSinIl rate in the test media.

In the as-Hll'ped state some unusual behaviour was noticed in VFA622+Fe
(hand mixed). In the first scan of Figure 4.79 the passive layer initially appeared
stable. At higher potentials the passive layer had a tendency to break down and
reform. This was not observed ill the second scan, possibly due to not allowing a
sufficiently high potential to be achieved. Unusual loops were also present in the
cathodic region of the second scan. There was a large difference in the E.;"IT
values of the two scans. In the heat treated state (Figure 4.80») the passive layer
appeared to he more stable and occurred over a more closely defined current
density. The cathodic regions in both scans (Figure 4.80) do not exhibit nny
obvious irregularities.

Alloy VFA622+Fe was mannfacturcd utilising the same principle of adding Fe
prior to HIPping. However, simple, low CI1I.'tl!) hand mixing was used instead of
ball milling. The results in Figure 4.7() for the as~IIIPpI!d material indicate
unusual behaviour. Although both scans show spontaneous passivation, the
anodic curve in scan one fluctuntes with increasing potential. In the second scan
fluctuations are observed in the cathodic region. Although It might be suggested
that the fluctuations Ul the first scan arc due to the continuous formation and
breakdown of the passive layer, indicating liorllerline passivity in the acid media,
there is no further evidence to reinforce this claim. The fluctuations could he due
to experimental difficulties, most likely intermittent connections in the corrosion
rig external circuitry, and further trials on the us-I IIPpI.!dmaterial an.' suggested
before any firm conclusions may he drawn.
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In short, there are three factors which suggest bulk diffusion between the
VFA622 and Fe particles. In the first instance, no sigma phase is formed after
HIPping. Since sigma formation is highly dependent on a high Cr content, this
implies that the Cr percent of the VFA 622 particles must have been sufficiently
lowered below some critical 'Value.The corrosion scans do not indicate any SibTJlS

of active dissolution. This could only be possible if some Cr had diffused to the
Fe particles. The elemental dispersion scans (Section S.13.1) did not indicate any
regions which are greatly Cl' or Fe enriched relative to their surrounding areas. It
may therefore be feasible to assume that the addition of Fe by means of ball
milling or hand mixing can be used to produce an alloy which is sufficiently
homogeneous to resist corrosive attack in certain acid media.
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5.19. Corrosion of allo)!s from duplex powders in .10 wt.% HZS01

The central aim of producing alloys from duplex powders is to determine if 316L
can be used as a partial substitute for the 40Cr-Fe, steel or if the 40Cr-Fe steel
can likewise be used as a tiller for Hastelloy C. Austenitic 316L is less costly
than 40Cr-Fe, whilst 40Cr-Fe is in turn cheaper than the nickel- .sed Fnstelloy
C. Changing the percentages of the different materials should also allow the
proportions of ferrite and austenite phases to be varied fle" required. The trials
were to examine if such substitutions can be performer, Jut compromising
corrosion resistance.

The corrosion scans for 20% 316L + 80% VFA 622 are shown in Figure 4.81.
This composite alloy underwent spontaneous passivation in the 10 weight percent
sulphuric acid solution. There was a fairly large difference in the E'GlT values of
the two scans, in the heat treated state. The 20%316L+80% VFA622 alloy
passivated spontaneously in the test solution, and therefore displays a low
corrosion rate which is similar to plain VFA622. This perhaps be an
indication that the addition of 20% 316L is not detrime .) the corrosion
resistance of the VFA622 alloy in this specific test environuu,«.

Alloy 50% 3161.. + 50~o VFA622, in Figure 4.82, exhibits a small active loop.
followed by passivation in the first scan whilst only spontaneous passivation is
observed in the second scan. Without further experimentation, it cannot be
determined if the first scan is indicative cf borderline passivation characteristics.
or is simply due to experimental procedure. A direct method would be to
examine the behaviour of conventional 316L under the same test conditions. The
corrosion rate of 50% 3161. + 50 00 VFA622 at E,OIT is of a low magnitude.

The corrosion data (Figure 4.83) obtained on alloy 80% 316L I 20~'o VFA622
was highly irregular. The material would not stabilise, and the potentiodynamic
scan indicates a general trend of increasing current density with increasing
potential.' This is possibly due to the widespread porosity present in the test
piece. Porosity is deleterious since it allows for localised regions within the pore
to experience a far higher acid concentration relative to the bulk solution.
Porosity arises most frequently clue to leaks in the mild steel capsule during
HIPping. Leaks occur most comruonly in the welded areas of the capsule. This
allows argon gas to enter the capsule and furtlter bonding is inhibited. The degree
of porosity is dependent on the stage at which the leak occurs. If the leak occurs
early in the cycle (before maximum temperntnrv .md pr. ~.;ure)then no bonding
takes place. Alternatively, if a leak oc~:, lih~:~·'.~~!-o:'ding takes place, then
residual porosity will be present. In the most desired scenario. no leaks occur and
full density is achieved.
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In general, porosity shou!-l be minimised since it is detrimental to mechanical
properties and decreases corrosion resistance.

Alloy 50% Hastelloy C + 50% Prem V. shown in Figure 4.84, was found to
undergo anomalous behaviour during potenticdynamic testing. The composite
alloy took over 2500 minutes to stabilise in the 10 weight percent sulphuric acid
medium. However, it did passivate spontaneously. In the second scan the alloy
was not allowed to stabilise and fluctuations are noticed in the anodic and
cathodic regions. This unusual characteristic. is not due to porosity since
microstructural examination (Figure 4.59) reveals the test piece to be pore-free.
Alloys which require long periods to stabilise often exhibit borderline passivity in
the test media. It has been shown that Prem V has a stable passive layer in 10
weight percent sulphuric acid. The literature" indicates a corrosion rate of less
than 0.0508nun per year for Hastelloy C under similar corrosive conditions. This
low corrosion rate is consistent with a stable passive layer in the solution. A
possible explanation could be the existence of a galvanic effect within the
inhomogeneous regions of the composite alloy. Prem V is Fe- and Cr- rich whilst
the Hastelloy is Ni, Cr and Mo rich. From Figure 4.62, it can be seen that the
Prem V and Hastelloy regions are in intimate contact with each other, with a
widespread diffusion zone between the particles. The diffusion zone is rich in
Ni.Cr, and Fe. It could therefore be possible that a galvanic effect between the
three regions could prevent the alloy from establishing a stable equilibrium
corrosion potential. However, at present there is very little evidence to
substantiate this suggestion, and no feasible explanation can be made at this time.
Despite the fluctuations in the scans the composite alloy has a low corrosion
resistance ill 10 weight percent sulphuric acid. '
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5.20. Summary of corrosion re~istance of dup,lex p-owders
It initially appears that the simple mixing technique can be used to manufacture
composite alloys. However, discrete particles from each alloy are still observed
ill alloys 80% 316 + 20% VFA622 and 50% Hastelloy C + 50% Prem V. The
composites passivated spontaneously in 10 weight percent sulphuric acid at room
temperature. This indicated that partial substitutions of 316L and 40Cr-Fe could
be a possible method of manufacturing future corrosion resistant alloys.

The results of the alloys with the Fe additions (SPOOI008, VFA622+Fe) are
informative. These alloys demonstrate satisfactorv resistance to the 70% H2S04

solution. This is an important test of the homogeneity of the mixed powders. No
preferential corrosion of possible low Cr regions was therefore detected in either
the 10 percent or 70 percent H2S04 environment. It thus indicates that H.IPped
composite powders could be a viable method in producing corrosion-resistant
high Cr stainless steels which have a low tendency to form sigma phase.

TIle corrosion SCaIl of 80% 316 + 20~,'oVFA622 (heat-treated), in 70 percent
sulphuric acid at 50°C is shown in Figure 4.83. The alloy passivated but
exhibited a second minimum in current density in the transpassive region. The
critical current density was fairly high at 0.6 mA/cm:!. The 80% 316L + 20%
VFA622 composite had an unacceptable corrosion rate of 6mm per year at i~rit.In
addition, the corrosion rate at ipU5gis the highest out of all the alloys evaluated.
This is expected, since 316L is a far less alloyed material than 40Cr-Fe, and
since it makes up the bulk of the composite powder, lower corrosion resistance
would naturally be expected. It is reported" tha; 316L typically corrodes at over
1.3mm per year in the test environment The lowest measured corrosion rate
(il'lS,) for the composite is an order of magnitude larger than the other alloys, and
agree with the expected corrosion behaviour of plain 316L steel. No
improvement is thus observed due to the VFA622 additions and thus turther
work on this particular composite is not justifiable.

The 50% Hastelloy C alloy + 50% Prem V (Figure 4.84) had a distinct anodic
loop in the 70 weight percent sulphuric acid medium. The passive layer appeared
fairly stable and no transpassive region was observed even at an overpotential of
1000mV. The 50% Hastelloy C + 50% Prom V composite has a fairly high j~lil'

However, the il'o';s value indicates acceptable corrosion behaviour in the passive
state. Both Hastelloy C and Prem V are highly alloyed, so that even in the
diffusion zones between the different materials high C1' and Mo levels am
obtained. It might therefore be possible that a composite of this nature could be
the basis of further study.



5.21. Springlock field trials
The present results are from an intermediate stage of the field trial. Nevertheless,
they do provide a rough idea as to the initial behaviour of VFA622 in this
particular industrial application. VFA622 and 904L, so far, appear to exhibit
equivalent resistance to the acid leaching process. This is important since 9041. is
a highly alloyed austenitic stainless steel grade (Table 5.1) which is only used in
the most demanding corrosion applications. It could therefore be possible that the
40Cr~2Ni-2Mo-O.l5Ru-Fe alloys might be viable as an alternative material in
certain applications in which 904L is currently used.

The initial results are encouraging in that there are no overt signs of corrosive
attack. It must be mentioned that the equipment used to measure mass loss is
only sensitive to the nearest 0.2g, so any mass loss between 0 and 0.2g was
undetected. A more detailed view of the behaviour of VFA622 and 904L will
only become available after further prolonged exposure to the industrial
environment. It is reported that the service life of a 904L spring lock is 1-2 years.

ruble 5.1: Nominal composition of grade 904L (v.eig!!L%.Y'

~i~~j~':~I~iiIf;-23IrL~8jri:~45 J6.035 ~i••·••·•·7.~
'I' , "
f,r.~,e,.,,,,""",,
iBalance
.l "."".,., ..,

The satisfactory behaviour of the test components in field trials may be explained
in part by the good results obtained in the laboratory electrochemical tests. It is
now known that VFA622 is fairly resistant to concentrated IhSO" at sOGe, and
H::S04 exposure is a substantial part of the industrial field trial. Some resistance
to the H2S04 in the field trial would therefore be expected. The continued
survival of VFA622 compared to 904L provides an indication of future possible
commercial applications for the 40Cr-2Ni~2M()-0.2Ru alloys.
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5.22. Composition and manufacturing guidelines
While it initially appears beneficial to utilise the highest alloying contents
possible, in practice .. is is not always feasible. Excessive levels of Ni, Mo and
Cr result in materials which are extremely brittle after HIPping. Conversely,
compositions with relatively lower alloying additions, do not embrittle easily and
cannot be transformed into an usable powder. The requirement for maximum
corrosion resistance must there tore be balanced by two other factors: the case of
powder manufacture, and the toughness characteristics directly after HIPping.

The various trials which have been undertaken provide approximate guidelines.
An alloy should contain a maximum of two percent Ni, two percent Mo and 38
percent Cr. The HIPped material must be solution annealed prior to exposure to a
corrosive environment, or before any working, shaping or machining operation
is performed. Solution annealing may be performed at a temperature of II oooe
for a period of2 hours, followed by a room temperature water quench.

In terms of minimum alloying levels, these are 36 percent Cr in plain alloys,
whilst 30 percent Cr is acceptable in a duplex powder. Earlier trials
experimented with combined Ni and Mo contents of less than 4 percent. Ihese
alloys could not be embrittled sufficiently to form powder. In order t »aintain
pitting corrosion resistance, Mo levels should not be d''')pped si£?.l.i.icul'tly
below the two percen. range. Ni should also not be decreasen very far below two
percent, since it is required to provide resistance in reducing environments and
improve impact toughness. The effect of composition is shown in Figure 5.4.
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Figure 5.4: Diagram illustrating the effect of composition 0.1 the pl'Op'erties of the
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The relatively high level of .ron-metallic inclusions in the majority of the powders
is a cause for concern. Inclusions are detrimental since they can affect
mechanical properties, corrosion resistance and surface finish. Commercial grade
atomiser' powders typically have far lower inclusion concentrations than the
milled 4C:Cr-Fe powders, and steps will have to be taken to improve the
cleanliness of the powders. The inclusions could have entered the powder during
any ...1' the -nanufacturing stages such as melting, milling or encapsulation. It is
considered most likely that the vibratory milling stage is tho main source of
contamination. Silica saud is used as a cleaning agent in the vibratory mill, and it
is difficult to remove completely from the mill chamber. The fine silica particles
would therefore enter the 40Cr-Fe powder and be assimilated. Scale from heat
treatment is also a factor> and should also be removed. Contamination could be
lessened by milling an initial catch of 40Cr-F.e powder and then scrapping this
material, since most of the residual silica would be removed with the powder.
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~ .23. Mathematical Il'"~)d.\,';lcC'IllQarison
The addition of pure powder Fe; to VFA622 produced a compact which was
ShO~11 to be reasonably homogeneous by elemental scans and by corrosion tests.
This mixture also had the advantage of being free (If sigma phase after HIPping.
The above characteristics could only have been possible if sufficient diffusion
had occurred between the Fe ,U1dVFA622 particles. The process is therefore
suitable for examination by the mathematical models proposed by Arunsingh,
Heckel and Lat ·"on. The experimental data have shown that isothermal
annealing fit 1120°C for a period of four hours (during HIPping) or less 'vas
sufficient for homogenisation. This may be seen by comparing the elemental
scans of alloy VFA622+Fe after a further two hours solution annealing at 1100"C
(Figures 4.68~4.69). There was very little change in elemental distribution after
the extended exposure, implying that homogenisation had been achieved. The
results of VFA622+Fe may also be extended to SPOOI008. This alloy also
exhibited homogeneous elemental scans. However it was felt that since the
particle size was much finer after milling, the diffusion distance between the
VFA622 and pure Fe particles would be less and homogenisation would occur in
a shorter time than in the VFA622+Fe.

Some assumptions have to be made in order to apply the models. The first
assumption is that the VFA622 particles contain only Fe and Cr. Although Ni and
Mo are present in proportions ut 2 weight percent each in VFA622 it is felt that
they may be excluded since they are retatively minor alloying elements. The
second assumption is that a spherical powder particle geometry is applicable.
This assumption is reasonable as a first order approximation since Heckel
indicated that the effect of particle shape on interdiffusional coefficients was
minor compared to the effects of other variables which could be accounted for
mathematically.

The spherical geometry and diffusion distances used fIJI' examination of the
mathematical models are shown in Figure 5.5. Since the Fe particles are the
minor alloying constituent they are assumed to be surrounded by a continuous
matrix or shell comprised of a binary 60~QFe .. 40?oCr alloy. The particle sizes
were obtained from the av erage sizes in the relevant Malvern analyses (Figure
4.6 and Table 3.3).
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100% Fe particle

figure 5.5: Parameters utilised in the examination of Anmsingh's and Hecke1'~_
homogenisation models.

The average particle size of the Fe powder was 12/jm. Therefore
r= a= O.S/a :::::6,um:c:6X 10-4cm.
The average particle size of the VFA622 powder was 128,um, therefore
R =0.5L==64,um::::64 X 104 em.

The diffusion data in Table 5.2 are required by the models:

Prin-c-ip-a-I-Alloying-'
metal additive

(Weight '!.'o)

Tracer Temperatur
range
CC)

e fJ\ctivation '!Frequency Calculated
.

energy Q factor Do diffusion
(kl.mol'') (cnf.a") coefficient

D at1393K
using
D=Doe·Q}nr

-~'"-- - .. (cm2.sj_
265 5 S.S6X lOTo""r:--· -.---- ..

4.34 X 10,10.-~~.l 27
293.1 40 4.14 X 10.10

232.4 0.2 3.90~X 10.10•. -- "2.18- X 10.9_ 244~L_ __ :z.:21

A diffusion coefficient ofD (Fe in Fe-41.5Cr, at 1393K) "','5.86 X 10.10 crrr.s" is
used in all diffusion calculations.
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5.23.1. The infinit~..diffusl01.,lcouple
!he equation describing the concentration profile in an infinite diffusion couple
IS:

C(x,t) "'"O.5Cofl + erfl(--:-- )]~ 2vDt

For homogenisation C(.t,t)""'O.5GI1 ••

i.e,
o.sc, "'"0 5CoE 1+ erf(, ~ )]2vDt

which simplifies to:
o :::erfl( ~.-.)2,;Dt '

A property of the error function is that erf(O) ~.,O.
Thus o 'co _....L:- (25)

2.,/1>i

Jquation 25 call only be satisfied if x !::: O.

Equation 25 indicates that for all t and D the homogenised composition O.SCo

can only occur at the position x :::::0 (x ." 0 is the interface betwe- ., two infinite
bars of composition C=O and C=Co). In reality, a finite homogenised bar would
have a concentration nf o.se" for all x. This result is 110t surprising since the
infinite diffusion couple model was never formulated to provide information
about homogenisation times. The calculation with C=0.5Co is Informative in that
it indicates that the model (commonly employed in other diffusion systems)
cannot be used even as a first order apprmdm<l.tionto the homogenisation
problem, since the graph (Figure 2.50) never reaches uniformity.
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5.23.2. Anmsingll's model
Arunsingh's expression for homogenisation time is:

02 1 2eo
tAnm~:ingh. homogcnisation ~= Drc2 ogC

Substituting the relevant values:
•• (6 X 1O-4cm)2 2(100)

tArunsingh. hQnll'gcnisntion::'::: 5.86 X rO-4cm2.r1n2 log---;;o-

== 28.4s

5.23.3. Heckel's model
Heckel's model for homogenisation is described by:

For complete homogenisation F::;;:1, i.e. matter transport across the interface
reaches its limiting value. Thus:

Which can be simplified to arrive at an expression for homogenisation time:

().5931~
tUcckcl. homl'gcnisnti~n::::::: Dn (.Y

For spherical geometry 11""'" 3.
ForY:

-c - (1£0)3 - ( 12um )3 -- 8 8 X 10.3,,- 1. . - 121111111 - l •

Which is close to zero, thus from Figure 2.54, Y == 0.2.

Now:
0.593(12 X 10-4cm)2

tllcckc!, homogcnisntion = 5.86 X 1O-IOcm2s-1(3)2(O.2)

= 8.1 X 102s
'""13.4 miuutes
= 0.22 hours
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5.23.4. Larsson's model
Larsson's model allows the visualisation of the homogenisation problem as
shown in Figure 5.6. The pure Fe particle is surrounded by numerous Fe-Cr
particles. The thickness of the enclosing spherical shell is thus the distance CR-r)
from the centre of the Fe-Cr particles to the circumference of the pure Fe particle.
The total homogenisation distance is therefore the total distance R between the
centres of the Fe-Cr and Fe particles.

" .

60%Fe
40%Cr
particles

r= radius of Fe particle
:: 6 microns

R = distance between centres of Fe and Fe-Cr particles
= 70 microns.

Figure 5.6: All.Qlicat~mof Larsson's model to t.11ehomogel1isation of spherical
Pe-Cr and pure Fe particles. The overlapPing circles indicate the differen.t
60Fe-40Cr layers in contact with the Fe particle in three dimensions.

Larsson's expression for homogenisation time is:

t ()3A2
Larsson, hl1ntogclIisatil'n=-n

Substituting the relevant values yields:

kurss,lIl, homogenis'uinn
(),3(7() X 1O-4cm)2
5,86 X 1O-lOcm2s-1

:: 2.5 X 104 S

.::::418,1 minutes
""7 hours.
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The models of Arunsingh and Heckel produce values for homogenisation time
which are far too short and deviate unreasonably, by one to two orders of
magnitude, from the experimental values. The results are not due to any
inconsistencies in the choice of an appropriate diffusion constant. An
examination of the various calculated diffusion constants for the Fe-Cr system at
1393K (fable 5.2) indicates that the constants are all of the order of 1O"w em's".
Interchanging the constants or using a calculated chemical diffusion coefficient
value (Equation 9) does not chang", the order of magnitude of the results.

Alternatively, Larsson's model produces a value which is in relatively good
agreement with the experimental data. The calculated value of 7 hours is less
than a factor of 2 greater than the observed value of 4 hours. This agreement is
acceptable when considering that the model does not take into account the effect
of applied isostatic pressure and makes simplifying assumptions regarding
particle geometry and ideality of mixing. In addition the effects of other species
such as Mo and Ni have been ignored in the calculation. It appears the model
may therefore be used to provide an order-of-magnitude approximation to the
homogenisation problem in HIPped compacts with powders of Binary
composition.

However, the question remains as to how three models of essentially the same
homogenisation problem can produce such widely differing results from the
same starting data. The answer may be found be examining the basic
assumptions made by each model. Arunsingh's model views each solvent
particle as being surrounded by an infinite matrix which provides the material
for homogenisation within that particle. The system is thus "semi-infinite". The
time equation is therefore dependent on the radius (a) of the solvent particle only
and ignores the effect of the solute particle size. Heckel's model differs in that
both the solute and solvent particles have a defined radius in a finite system. The
influence of the solute particles are taken into account by the inclusion of the Y

-.. -
factor in the homogenisation equation, where Y ~f'(C) and C=f (il),L). However.
the influence of the solvent particle radius (a) is dominant in equation (19) since
a is raised to the second power, whereas Y is only raised to the first power.
Larsson's model attempts a more comprehensive approach to homogenisation in
a finite system. The influence of both the solvent and solute particle size is taken
into account by the inclusion of the starting condition ( %<Xsl, C=Cs at T=O) in
the solution of Fick's equation. Thus although Larsson's model provides the
simplest expression for t, the result is more accurate since the entire diffusion
distance, and not just the distance involving the solvent particle, is taken into
account. This is obviously a more general interpretation of the homogenisation
problem which should intuitively yield more realistic results.
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It is interesting to note that Larsson's solution corresponds to an early proposal
by Rhines and Colton" that the attainment of a given degree of homogeneity
could be expressed by:

where:
X is the distance t ~tween adiacent.centres of maximum and minimum
concentration,
t is the time of homogenisation..
D is the diffusion coefficient.
Ie is a constant which describes the degree of homogenisation.

)1:'2
ts= Ie (26)
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6. CONCLUSIONS
1. The 2Ni 4Mo-40Cr-Fe family of alloys are easily embrittled for powder
manufacture, but form excessive amounts or sigma phase after HIPping.

2. The 2Ni-2Mo-40Cr-Fe alloys possess the most suitable composition for
commercial applications due to '1 slower rate of sigma formation during HIPping.

3. There is a difference in the~ki~etics of sigma formation under conditions of
continuous cooling as compared to isothermal annealing. Sigma phase fanned
more speedily during continuous cooling.

4. Cast-only material and HIPped-only material of alloy VF~622 exhibit
different rates of sigma formation when subjected to similar HIPping conditions.
The HIPped material fanned sigma far more quickly than the cast material.

5. Hot forging promotes sigma phase formation.

6. Slight differences in composition and prior hot working have a significant
effect on the kinetics of sigma formation.

7. A reduction in starting particle size of a readily sigmatised alloy does not
improve the toughness characteristics and appears to increase the rate of sigma
formation in the alloy.

8. Very little carbon or oxygen pickup occurred during Seib milling, whilst ball
milling with steel media introduces significant carbon and oxygen contamination.

9. HIPped alloys of the type Fe-39Cr-2Ni-2Mo, both with and without Ru
additions, passivated spontaneously in ten weight percent sulphuric acid at room
temperature.

,
10. The beneficial effects ofRu on corrosion resistance only became apparent in
highly corrosive environments such as 70 weight percent sulphuric acid

11. An alloy of the type 2Ni-2Mo-39Cr-O.2Ru-Fe (VFA622) exhibits a low
corrosion rate in 70 weight percent sulphuric acid at 50°C.

12. The performance of VFA622 was equivalent to the commercial
super-austenitic alloy 904L in the industrial field trial in the results so far,
although the test has not reached completion.

232



13. Simple mixing techniques are effective in producing a uniform dispersion of
different particles. Some of these duplex alloys exhibit distinct and widespread
diffusion zones between individual particles e.g. 50% Hastelloy + 50% Prem V.

14. The simple mixing of Hastelloy C and Prem V does not decrease sigma
formation.

15. The Idition of pure F(. particles to the VF t\622 powder is successful in
inhibiting sigma phase formation ..

16. Simple mixing teclmiques are preferable over ball milling since similar effects
are achieved hi a shorter period of time, and contamination of me powder is
minimised.

17. Elemental scans coupled with corrosion data indicate that some homogeneity
is achieved after HIPping in duplex powder VFA622+Fe.

18. The combination of 31'6L and VFA622 appeared to enhance the conversion
of austenite to ferrite in the 316L material and duplex microstructures are
obtained.

19. The combination of dissimilar powders produced modifications in
microstructure which was attributable to enhanced interactive diffusion during
HIPping.

20. The addition of VFA622 as a filler material did not enhance the corrosion
resistance of 316L in 70 weight percent sulphuric acid at 50°C.

:.,.'t

21. VFA622+Fe exhibited satisfactory resistance to 70 weight percent sulphuric
acid at 50°C.

22. The combination of VFA622 and Hastelloy C did not result in any marked
improvement or degradation in corrosion resistance over conventional Hastelloy
C, or plain VFA622.

23. The infinite diffusion couple and the homogenisation models of Arunsingh
and Heckel do not provide realistic results when applied to the problem of
HIPped, mixed powders of binary composition.

24. Larsson's model allows for an order-of-magnitude approximation of the
homogenisation problem.
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7. COMMERCIAL PROSPECTS AND FUTURE WORK
The 40Cr-Ni-Mo-Fe series of alloys with Ru additions have been available in
South ;·JHca on a commercial basis since 1996. The alloy is sold in the cast form
under the trade-name "Ruthalloy" (a trademark of Steloy Precision Castings).
This family I f alloys therefore has achieved representation and exposure in both
the local and overseas market. It is understood that the alloy has already gained
acceptance in certain applications. The introduction of a commercial powder
metallurgy method should therefore have the benefit of the advance marketing
which has already taken place. .

Future work should involve pitting and localised corrosion tests, particularly of
the compacts formed from duplex powders. The optimisation of heat treatment
temperatures and times and the effect on mechanical and corrosion properties
would be informative. This would hell' characterise the alloys for any further
potential commercial applications.

The accuracy of Larsson's homogenisation model in other HIPped alloy systems
should be examined to determine if it could be utilised as an appropriate tool in
other development work. The shortcomings of Larsson's solution could possibly
be overcome by the development of a model which examines the behaviour of a
dispersed heterogeneous phase in a continuum. Crank" provides some
suggestions as to how the model may be derived.
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(ii) abstract

Super-ferritic stainless steel compositions containing 38%) chromium and at least 2% each

of nickel and molybdenum caii be converted to- sigma phase by a heat treatment and.

thereafter. to powder by mechanic-a! attrition. This powdered sigma phase has been

experimentally processed by powder metallurgical techniques to produce green compacts

which were consolidated in a hot isostatic press. Depending on composition, several of

the powdered alloys were converted back to ferrite during HIPping. The mechanism of

the consolidnticn process, the nature of the microstructures produced. and the prognosis

for its industrial exploitation are examined.



(iii) text

Introduction

It is well known that the corrosion resistance of stainless steels is dependent to a large

degree on their content of chromium. Howe. " the chromium contained in the common
- .

austenitic and ferritic stainless steels is almost inevitably in the range 12 to 20%, for a

variety of practical reasons. not least of which is that alloys with this amount of

chromium have adequate corrosion resistance for most common applications. In those

cases where these common alloys do have insufficient corrosion resistance, recou .e is

sometimes made to super-austenitic, super-ferritic or duplex compositions. These contain

between 20 and 30% chromium. Of course. chromium is a strong stabiliser of the ferrite

phase, and super-austenitic or duplex alloys with such high contents of chromium must

contain correspondingly high contents of nickel to promote the formation of the desired

amount of austenite Since nickel is a relatively expensive alloying element, this generally

raises the cost of such materials significantly.

The super-ferritic alloys in contrast, do not necessarily contain nickel and would be, in

principle, relatively cheap to produce were it not for the fact that they normally require

either very pure starting materials or specialised production processes. In addition, they

generally also have very poor toughness in the cast or welded conditions. These factors

currently militate strongly against the large scale production of super-ferritic materials

containing more than 3QO,o chromium Nevertheless, it has been previously shown that

properly processed super-ferritic compositions containing lip to 38% chromium possess

3

excellent corrosion resistance in a variety of extremely aggressive environments while



maintaining aJequate mechanical properties 1 The key requirements are to ensure that the

alloys have very low contents of impurities, especially of the interstitial elements carbon,

nitrcgen and, to a lesser degree, oxygen,2J and that they contain at least two percent

each of nickel a-id molybdenum:+ The corrosion resistance can be further considerably

enhanced in reducing environments such as sulphuric acid st\lutions oy the incorporation

of small amounts (about 0,2~o)of the elements ruthenium, palladium, platinum or iridium,

which induce electrochemical passivity by the phenomenon of cathodic modification,5,6

One, relatively unusual way to produce components from supcr-ferritic aUoY5 containing

between 30 and 40%1 chromium wes developed in 1994 by Cortie et al,7 The required

alloy composition is selected for an ab;;:ty to tra!'!sform completely into sigma phase, and

is induction melted and cast into an ingot. Next, it is heat-treated in a manner designed to

bring about its complete transformation into sigma phase, Sigma is a hard, and

exceedingly brittle intennetallic compoll:ld between iron and chromium, nomin~ny with

the stoichiometry FeCr The'sigmatized' ingots are then crushed and milled to produc(.

fine powder, and the powder can be further proces3ed by the known techniques of

powder meta::urgy to produce green compllnelM of sigma phase, Finally, the

consolidated items are transformed back to ferrite phase by an appropriate slntering heat

treatment.

The present paper describes the production and properties of prototype components

manufactured from such sigma powders with the aid (If a hot isostatic press

4



Experimental

The rates of formation of sigma phase in a variety of super-ferritic alloys containing

between 21)U1o Cr and 41% Cr have previously been measured by Premachandra et al.8•9

Interestingly, it was found that sigma phase formed exceedingly slowly in as-cast binary

Fe-39%Cr alloys, and even heat treatments of200 hours at 750°C failed to induce

transformation in such material. However, the addition of alloying elements such as nickel

and molybdenum caused a marked acceleration in the kinetics of the transformation in the

us-cast alloys (Fig. 1). It was considered in the present work that an alloy that could be

heat-treated to transform substantially to sigma phase in not less than two hours and not

more than twenty four hours would be the most suitable for the present work. The two

hour criterion was to ensure that the material should not transform back to sigma too

readily during the cooling cycle of the HIP. It is evident from Fig.l that an alloy with the

desired transformation characteristics can be selected in principle by control of the Cr,

Mo and Ni contents. Preliminary experimentation by the authors revealed that an alloy

with at least 36% Cr, and at least Z% each of nickel and molybdenum was required in

order to obtain a weniently rapid conversion to sigma phase.

Production vi§.ir I.!., to,.)!d~

Four kilogram ingots of the stainless steel compositions were prepared from the elements

by melting in a sealed induction furnace. The compositions of those mentioned 10 the

present paper are listed in Table 1. Where not specified in Table 1, the residual and minor

elements were present at the levels shown in Table 2. The purpose of the niobium, where
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added, was to tie up interstitial carbon and nitrogen, whereas the ruthenium was added as

a cathodic modifier. The ingots were then reheated to 1050°C and hot rolled to

approximately 50% of their starting thickness. This process is known to accelerate the

subsequent conversion to sigma phase, ostensibly because it introduces a multiplicity of

nucleation sites into the microstructure 1.9.10 Complete transformation to sigma'phase

was thereby achieved by annealing for 4Yl hours at 750°C. Thereafter, the material was

passed through a jaw crusher and then milled for 30 seconds ill a Sieb mill.

Chemical analysis of the ingots and their corresponding powders indicated that about 150

ppm each of oxygen and carbon were picked up during milling. The powders were in all

cases relatively angular in morphology (Fig. 2). A typical particle size distribution

produced by a single operation in the Sieb mill followed by screening through a 170 urn

sieve is shown in Fig. 3, and unless otherwise noted, the HIPping experiments to be

described were conducted with powders with this approximate size distribution.

However, even finer particles sizes could be readily prepared by 24 hours of milling in a

ball mill with c, 9 .1 ratio of steel balls to charge. Acetone was used as a lubricant. The

resulting particle size distribution is given in FigA.

Hot isostatic pressing

Sigma powders were poured into mild steel canisters of20 mm diameter which were

evacuated and then sealed by welding. HIPping was carried out at UHPU by a

proprietary process, in which the samples were raised to a temperature of 1120°C for 4

hours under an ambient pressure of 1000 bars. Thereafter the furnace was switched off,
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and the components cooled. After HIPping, tl-e mild steel can was removed and the

samples were sectioned for examination. Solution-annealing heat treatments were carried

out on selected samples at 1100°(, for tW0 hours, _ ,)wed by a quench into water.

Metallogrlll.}Jy

Samples -vere prepared for metallography by the usual grinding and polishing techniques.

Potentiostatic etching in 5 wt% KOH solution at 8 volts was carried out to reveal any

sigma phase in the samples. The general microstructure was conveniently revealed by a

reagent consisting of 5 g FeCI3.6H20, 50 ml of cone. HCL and 100 ml H20, while the

distribution of carbides was made visible with Murakami's reagent,

All Vickers hardness test results cited were obtained with a 30 kg load and are the

average of several determinations.

Corrosion testillg

Potentiodynamic scans were carried out ill a 10% (by mass) aerated H2S04 solution at

room temperature and in 70% (by mass) H2S04 solution at SO°C. Specimens were

allowed to stabilise to the equilibrium corrosion potential before being scanned at 12

mV/minute. Each test was repeated after regrinding the specimen's surface with 1200 grit

paper. Potentials were measured against a standard calomel electrode (SeE). The

standard hydrogen potential IS -236 mV on the SCE scale. Corrosion rates for the tests

conducted at room temperature were determined by plotting the intersection of the linear

region of the anodic curve with Ecorr. This provides a value for icorr.An icorr value of 1
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luVcm2 is approximately equal to a corrosion rate oro 01 mm/y in the present materials

The slopes of the cathodic and anodic reactions were considered to be too steep and

limited in extent ell -he case of the tests in 70~ 0 H2S0,~ for this extrapolation technique to

have any validity, and in those cases an upper ceiling for the rate of corrosion was derived

directly from the value u:t'lt: cri.ica! current. Icrit

Results

Initial transformation to sigma phas£'

It was observed that the tendency to transform to sigma phase was acutely sensitive to

the alloy composition and thermo·mechanical condition. and was significantly accelerated

in material that had been hot rolled. However, hot-working of the ingots could arguably

be considered to be a potentially expensive processing step On the other hand. small

ehanges' Itl the i1l[t1y·f6n1po3ition. Stich as over-stabilizing with niobium, were also found

to induce u marked acceleration in tho kinetics of'transformatton The two alloys whose

trnnsformntion kinetics are compared in Fig 5, 1'1)rexample. differed for me most part

only in niobium content Therefore it is apparent that further control orthe transtormation

kinetics, own at a constant content of Cr, Ni and Mo ill as-cast material. can be achieved

by small Chall!;eS to parameters such as niobium content, and that there would he in

principle no need tu use mechanical deformution in the production process for the

f,(1wdcr
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~lkrostrllctural obs~atioll~

A single HIP cycle was found to have the effect of consolidating tln angular particles into

a jigsaw-like aggregate, apparently free of gross porosity (Fig. 6). The deleterious effect

of a lack of isostatic pressurisation is dramatically evident in Fig. 7. which shows the

microstructure ofa HIPped colnpact in which the weld i"am of the mild steel perforated.

This sample had therefore been sintered but not pressed.

It was observed that the hardness ofthe samples provided a convenient i~dication ofthdr

microstructure A hardness value of below 250 BV can be interpreted as indicating that

the materials contained a negligible amount of sigma. whereas one of in excess of800

IIV would be correlated in these materials with a substantially sigrnatized condition. Suc.i

materIals were exceedingly prone to cracking. Materials whose hardnesses were in the

range 250 to 300 BV generally contained lip to 20°·0 sigma by volume but were not prone

to cracking and could therefore he considered for engineering applications A summary of

the ha: dness values obtained after HIPping and solution annealir.g the samples is given in

Table 3.

While the powders with 38° 0 ('1'. 2° (,Ni, and 2% Mo (samples VF552 =nd VFA487)

were found ttl contain at most ~OO 0 sigma phage after lllPping. and had a hardness of

about 275 to 2\)0 BV, those with an additional 2°0 ('1' or Mo. such as VFAb22, emerged

from the HlP in a nearly fully signutized condition Such samples were extensively

cracked and very brittle. with as-Illl'ped hardnesses ofbct\vel.ln 700 and 900 BV

IIowever, they could generally be converted back to the ti rite phase with a hardness of

9



the solution-annealing heat-treatment did not eliminate any of the pre-existing cracks.

between 24() and 255 BV by solution annealing followed by quenching Unfortunately,

Also present in the microstructures of the conroliduted materials were carbide

precipitates and oxide inclusions (r:ig 8), of the same type as had been found in previous

work on these alloys. I I These were cspceially prevalent along the boundaries of the prior

particles However, the new grains of'ferritc formed sornew rat independently of'these.
pre-existing networks of inclusions and they evidently did not significantly impede ferrite

grain growth

The microstructure of th;' material produced by HIPping the very finely milled powder

whose size distribution is shown in Fig. 4, was microduplex, and consisted of all

exceedingly tine-scale mixture of'ferrite and sigma phases (Fig. 9).

1':,aetors I.'ffecting sigma formntion

The sigmatlzed microstructure of many of the as-Hll'oed samples was an unwelcome

development, and was not expected from the sigma formatlon curves previously obtained

bv Premachundrn. R

A sample of the VFAtl22 ingot. in the solution-annealed state, was then subjected to the

same HIP cycle as had been apnlied to the powdered alloys. This sample was free of

sigma at the start of the cycle, with a hardness \\1'238 BY and. atter the cycle, had a

hardness 01'270 H\' However, no sigma was evident in the microstructure and the

10



increase In hardness appeared to be correlated with an extensive intragranular

precipitation of fine carbide" and nitrides In contrast, when a HIP-consolidated sample of

powdered VFA62: in the fully sigmatized condition was HIPped for a second time. it

was found to have a hardness of282 HV and a sigma content t)f30~o (Fig, 10),

Evidently, the susceptibility to I()l'in sigma had been somehow imparted to the material by

some cha.acteristlc of the powder-manufacturing process, and it was very much

diminished when solid samples were HIPped for a second time.

The sigma present in the various microstructures (whether HIPped twice or not) could

generally be removed by the solution annealing treatment previously described For

example, the sample whose microstructure is shown in Fig 10was solution annealed,

The resulting microstructure is shown in Fig II and can be seen to be comprised of

ferrite grains in which an abundance of carbo-nitride precipitates are distributed

However, some of the alloys with a 4° (,Mo content (specifically VFA418 and VFA420)

were 1M completely free of sigmn after this treatment Molybdenum is a potent stabilizer

of the sigma phase and sefliciently large additions of it are known to raise the

temperature at which sigma I!' stable to in excess of 1100"(, It)

£m:rnillm
Samples of three of the materials based loosely em the compositicn Fe·38~oC'r·2°oNi·,

20 ol\ll1 were corrosion tested in 1000 sulphuric acid as described previously The

VFA(122 sample was tested in tlw doublc-Hll'ped condition. and again after a s''ubsequent

solution-anne ...tl The allovs VFA4l\7 and VFSS~ samples were tested as-Hll'ped, and



again after the solution-annealing heat treatment Since these latter materials were

comparatively similar ill composition, their corrosion behaviour should have been similar

too

It was found that all three alloys spontaneously. passivated in this solution, The corrosion

potentials obtained are listed in Table 4. A more positive corrosion potential should

normally be correlated with the passivation of the alloy. However excessive emphasis

should not b~ placed on the equilibrium corrosion potentials alone, sincethe values must

"
be evaluated in conjunction with other factors such as the critical current density, passive

range, passivation potential and corrosion current, il:orr' The combination of these

indicators provide a more reliable indication of a material's corrosion resistance, In this

case, the Icorr value was ca'culated as described in the Experimental section and

converted to an estimated corrosion rate using Faraday' law However, it is evident that

the materials arc alreadv effectively passive in this soil'" ·11 and the Ru and Nb additions

made to the VFA(l22 alloy do not appear to produce any further improvement in

corrosion resistance compared to that of the other two alloys, This is no doubt due to the

beneficial effect in these alloys of Ni and 1\10 additions on the corrosion resistance in

sulphuric acid."

However, when the same alloys were tested in 70° 0H2S04 at SOar it was found that the

two alloys withe-it the ruthenium corroded at up to 8 to 30 mm/yr, whereas the alloy

containing the small addition of ruthenium em-rolled at less than 0.12 rum/yr. Three

ropresenrative pNenth,dynamk scans .re shown in Figmc 12 In addition, the passive

1')'-'



current density of the ruthenium containing alloy was significantly lower than that for the

other two alloys. The various electrochemical parameters are listed in Table 5. The

corrosion rate of the ruthenium containing alloy is similar to or better than that which

would be experienced by many super-austenitic or nickel-base alloys in this environment.

It is evident that the effect of the Ru additions only becomes prominent in more

aggressive acid solutions in which the Ni and Mo content do not provide sufficient

resistance.

Discussion

~ma formation ill the HIP

The product generated from any of the powders was particularly susceptible to sigma

reformation during cooling after the first HIP cycle An alternative explanation, that the

temperature during Hll'ping was not high enough to secure an Initial transformation of

the powder to ferrite. is not tenable because those samples which went into the HIP in the

monolithic condition. whether us-cast cr HIPped once already, emerged in the ferritic

condition This begs the question as to what the essential metallurgical differences are

between material in the powdered and monolithic states are.

Since the sigma phase forms in the present alloys by the process of nucleation and

growth, S it is clear that powders that have been HIPped for the first time contain either
~

more sites upon which sigma can re-nucleate 01' the growth rates of the sigma regions are,
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material produced during HIPping should be similar to that normally obtained by~

for some reason. far faster than iii the other material conditions.

As mentioned. the kinetics of sigma formation arc certainly faster in material that has

been deformed or which for some other reason contains a high density of dislocations.

However, ferritic stainless steers arc rapidly recrystallised or pclygonised in a few minutes

by the application of temperatures above 800°C. Therefore. the dislocation density in

annealing at 1120"(, and. in these materials, is likely to be very low indeed12 It is

: I, .unlikely therefore that the increased susceptibility to sigma formation during the first of

the HIP cycles was caused by an anomalously high dislocation density. Another.
possibility is that the two types of sample differ significantly in composition. However,

not only is it unlikely that the difference in behaviour of the powder could have been

induced by the relatively small pick-up of interstitial Impurity elements induced during

milling. but also the aubstantial reduction in amount of sigma re-formed when a powdered

sample was HIPped for a second time proved that the problem of sigma re-formation was

completely converted to ferrite during the-l hours at 11~OT Such hypothetical residual

not caused by the minor difference in chemical composition. Therefore this possibility can

also be discarded

Evidently, therefore. the explanation must be that the powdered material. HIPped for the

first time. contained an abundance of suitable sites upon which sigma could nucleate

during the cooling cycle. One possibility is that the sigma in the particles had not been

sigma might then serve as convenient sites on which hI grow further sigma during the



cooling part of the HIP cycle. This may have been the case for those alloys containing

4% molybdenum, since both the relevant phase diagrams and the various solutio~-

annealing heat-treatments conducted, show that molybdenum is a potent stabiliser of the

sigma phase, and that not even a solution anneal at 1100°c was sufficient to dissolve all

the sigma in those alloys. However, this is less Iil(ely in those alloys containing only 2%

molybdenum, which could be expected to transform very rapidly to ferrite if held at

temperatures above about 1050°C 13 In the case of these alloys, the explanation must lie.
in some other property of the product produced at 1120°C during the first HIP cycle.

The consolidation process very likely consists of the following steps:

• the sigma particles pack together as temperature is applied but being both hard and

ordered do not initially weld or deform appreciably.

• the powder transforms speedily to ferrite once the temperature exceeds a particular

value, which is as high as 1050 to 1100')(' in the alloys containing 2?o nickel and 2%

molybdenum.

• the ferrite particles arc at first merely touching one another at their asperities. however

as time progresses they weld and form necks at these points of contact (l.1S shown in

Fig. 7)

• the necks widen by a process driven by the diffusion of atoms along both the free

surfaces and the grain boundaries until the interconnectivity of the porosity is

destroyed Some plastic deformation of the particles also occurs as the can enclosing

the sample is displaced inwards

• given sufficient time. grain boundary migration and further densiflcation occurs leaving

15
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only isolated, spherical pores in a recrystallized equiaxed microstructure.

However. it is feasible that the material produced by the first HIP cycle is not fully

consolidated and may have a profusion of very small pores and defects, each of which

offers a free surface on which ~gnla can subsequently nucleate. As the samples cool

down through the sigma-forming temperature range, new sigma phase nucleates on the

remaining heterogeneity's. The result is a material containing a substantial amount of

sigma phase The ferrite formed in the second HIP cycle will have a furth~r ..;.hours in

which to become dense, and will therefore be appreciably freer of nucleation sites.

Therefore. it would be more resistant to the reformation of sigma during cooling.

Presumably, the problem could he solved by a longer or hotter Hil> cycle. However, this

would have been incompatible with the normal commercial usage of the particular HIP

used and was not attempted.

Finally. it should be noted that the presence of a little sigma phase in the microstructure is

not necessarily undesirable. Sigma is very hard and has been found to improve the wear

resistance of ferritic alloys considerablv if present in an intragranular fashion in the

microstructure 14 It is however essential to avoid the formation of inter granular sigma

phase, which will always be lil trimental

16

Prognosi§.

The key to the successful implementation of the process on an industrial scale is the

selection of an alloy composition that can be C -nvenientlv converted ti sigma phase by



heat treatment, but which is sufficiently resistant to sigma-reformation, so that it ideally

emerges in a fully ferritic condition from a HIP-cycle. If it does not emerge from the HIP

in a fully ferritic condition, then it should at least be possible to solution heat treat and

quench the item to obtain a substantially ferritic and crack free component.

The various alloy compositions investigated in the course of the present work are

compared in Figure 13, which plots conten, of chromium against the sum of the contents

of nickel, molybdenum, silicon and platinum group metals. There are three regions of

interest. In region A the alloys form sigma very slowly and it is not convenient to convert

them to sigma powder. In region B the alloys can be conveniently converted to sigma

powder and can furthermore be HIPped to produce a substantially ferritic component. In

region C the alloys form sigma phase very readily but convert substantially to sigma phase

during cooling in the InP. However, they can be converted back to ferrite by a solution

anneal followed by a quench. Unfortunately, if any cracks developed while the

components were ;11 the sigma condition they would not be removed by solution heat

treatment alone. In this case a double HIP cycle would be necessary.

An example of a prototype component that has been manufactured out of the VFA622

alloy (which contained 2%Ni and 2% Mo) is shown in Figure 14. It is a 'springlock' for

use in an industrial leaching process. The items are subjected in service to a mixture of

hot. concentrated sulphuric and nitric acids and a super-austenitic stainless steel is

currently the preferred material. The components shown were produced by HIPping to

prod-icc a cylindrical workpiece. which was then solution annealed and quenched. and

17



finally machined to final dimensions, No unusual difficulty was encountered during the

machining process. The springlocks were placed into service on 1 May 1997 and had not

shown any visible corrosive attack by November of that year,

It is interesting to note .uat there are other potential applications of the sigma powder.

Knight and Cortie, is for example, have investigated its use as a consumable in thermal

spraying devices. and found that layers of superferritic stainless steel could be readily

deposited onto :l substrate by use ofHVOF (high velocity oxygen-fuel) technology. In,
addition, it has been demonstrated that the brittle nature of the sigma powder can also be

exploited to produce powders that are significantly finer than those normally obtained in

stainless steels, These powders may be of use in technologies such as metal injection

moulding or rapid prototyping using laser aided direct metal deposition (LADMD).
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Conclusions

It IS nossible to produce corrosion-resistent super-ferritic stainless steel compositions that

can be converted to powdered sigma phase, processed using the techniques of powder

metallurgy, and converted bac 'nto ferritic items by hot isostatic pressing. The Fp-

38%Cr-2%Ni-2(%Mo alloy is an' example of such a composition. However, it may be

necessary to use a double HIPping practice to obtain the best results. Itwas observed

that material HIPped once was susceptible to sigma phase formation, ostensibly because

it still contained a significant amount of internal porosity. Therefore, it should be possible

to improve the situation by conducting longer and hotter HIP cycles than was possible in

the present work. Nevertheless, the process has already been shown to be capable of

producing corrosi-n resisting components and might find application in industry.
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(vi) tables (no section (vl)

Table 1, As-cast compositions of experimental materials that were converted to powder,

percent by mass The nominal levels of the elements not listed are shown in Table 2,

(Note: n.d not determined.)

Alloy C'r Nt :VIo C N Others
.~-'''~''''-'''''--'''''"'_','''·"_a"·.","_",,,_-·._ ~""'''_:''''_~'',,_,,;.,

VFA~')n 17 '! 2 ~ <0,1 (I,no:> ltd,

VfA3'.l1 ~s.o n.t> 0;; (\,1)05 ltd.

VFA:l92 38": 1.0 1 II Il.OU!i n.d,
VFA~l)3 3lU 1.7 U ().n()~ ltd.,
VFA~9!i ~7.h "':0.1 l.H () n02 ltd

DS-I-air ~5,7 2.6 ~,4 1),(l70 'J IltiSi
VFA417 J7.U 2A '~.2 (UIO·~ (l,OOI n.2AI. (),6Si
VFA418 37.0 2.4 42 11.008 o.em O.2AI. 0.6Si. O.lRu
VFM19 37.1 2.4 ~J O.OO~) () 002 (I 2AI. o. 'iSi. O.2Ru
VFA420 37,1 2,·1 H o.ou IUIOl O.~SAI. 0.6Si. O.1Ru. o.n-
VFA423 371 24 4.4 0.008 0.001 0.2AI 0.6 Si. 0.2 Ir
VFM1I7 ~(iA " ~ 2,0 o.mo n.d."'" ,~,
VFAS4~ ~I) '7 :H s.a o.ois 0,(1114 !l2Ru
VFSS2 .1!Ul 22. ;~(I (),(l22 (J (lIP

VFl\ u22 ,,1U ' ' 2,1) OllIS (lilli' (1, 15Ru. n J!%~-"'
VFA647 3(1,n 2 ~ 1.'1 lUll 2 0.00,2

VFAlifi4 ~h.6 22 1.9 o.mn n.otl.~ OJ4N1l
VF2311 411j 0014 O.llO2

VF24S 4O,' ;;.8 o.Olt, O,tlll~



AI o Ti o

Table 2. Nominal content of minor and residual elements. percent by mass.

c Mil P

0.1111.1 n.05 u.ns 1).IlOl>11Oll.~ oin ~s n I) uS 11.02·II.ns

Table 3. Vickers hardncsses and, microstructure of speclmens after Hll'ing and solution

heat treatment

Alloy

HIPped

Vickers hardness

ns-r ~~6
VF.55Z 289
\;FMli Sit)

VFMlll 89!1

VFA-l19 tWO

VFM20 Hl'l

VFM2:l >SOO

VFA4S7 274

VFAS·I~

VFA5·~1fine Will

VFAf>22 '!ltl!!

HlP followed by

solution anneal

276

263

862
277

,.,..,..,
i~ I I

~21

Jlli
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Table 4. Corrosion potentials and rates in 10°0 H2S0.l solution at 25°C.

Allo:- Corrosion potential \5 SCE. mv Corrosion rate. mntfy

as·lIIPpi~d us-Hll'ped plus as-HIPped as-llll'pcc plus

-soluuou anneal solution anneal
;.,~",~_.~","n;"","""""

I
VFM87 +16 +209 onu <0001

VP552 ·1.\ -22~ (lIlIll n.cm

\FAri::!:! ·14 u n.ont n.tln2

Table :;. Corrosion potentials and rates in 7000 H2S0.l solution at 50°C.

AlIo) Corrosion potcntial Critical current Passtve current Corrosion rate,

\5 8('E. mV mAf.;m2 mAfcm2 mmfy

VFA(l:'2 l"l~ 12,11\·2 2.7\Hl"~ 40.1.~...
VF5S2 ··W~ 3.11 9,bl11':; ~~(l

\11MS7 .r;'l'l o g~ 1.2\ 1\1-:- ~S



Figures

Figure 1. Etrcct <H nickel and molybdenum on the transformation of as-cast ingots to

sigma phase at '150'C'(data courtesy of K. Pl'\,~machand!'a.snlloj compositions listed

in Table 1 under designations VF:3S. VF245 and V1':':':1).

Figure :::.Angular morphology ofpowder particles (SEM)
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Figure 3. Particle size distribution of minus 170 urn fraction of powder produced by

30 seconds of milling in a Sieb mill tVFS43).

~
ui
•..lo,
~
~u.o

6·

Figure .i. P:It'ticic size distribution of powder produced from Sieb mill product by a

tmther::-l hours of milling ;1\ a ball mill tVFA 5,B).
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Figure 5. Effect of a 0.35% Nb addition on the kinetics of sigma phase formaticn of

as-cast ingots of materlals 36%Cr, 2% Ni and :%Mo.

Figure 6. Typical angular mlcrostructure of sigma phase produced by a single HIP

cycle conducted 0'1 highly alloyed material (\T417).
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Figure 7. I\II\HlS microstructure of material produced during the IIIP cycle in the

absence of effective pressurization (VF420)

nitride precipitates that outlines the 01 iginal part ide boundaries.



Figure 9. Microduplex mixture of ferrite and sigma phase produced by HIPping ultra-

tine sigma powder (much of the sigma has been etcl. ;d 0 in this micrograph).

Figure 10. Microstructure ofmaterial VFA6~: Hll'ped a second time showing

intergranular sigma phase and carbo-nitride precipitates.
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Figure 11. Microstructure of alloy VFA622, after a solution anneal and quench

showing ferrite grains with Inrergranular precipitation of carbide and nitride

precipitates.
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alloy with ruthenium ~VFA(22) shows considerably greater resistance to corrosion.
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Figure 13. Diagram illustrating the effect of composition on the properties of the

alloys, A· takes teo long to convert to powder, B - comes out "TTIP as ferrite, C -

con ~~sout of HIP as sigma phase.

I
Figure 14. Experimental springlocks manufactured from sigma powder. Components
shown have a diameter of20 m:n.



1ll'1!'pht,loric:; were ft·,:,live'.! within the ferrite p.uuclcs,
These We'll' bulk nnd hndl.lr ·,j!}lIla. It is highly likely
that the hulk (;i[lma jc: the pro-cutcctoid phase, and
f"lInl<1 before the ('U!cc'",i,! slgma and r;':,'omln,y
austenite (Fi~.. 4). After annealing, tliec.; was less
~ignl.1. although the ferrite colonies were still easily
observed. There were also regions between the ferrite
null austenite where intcrdiffusion had o,,·:uUC'U.

A MICROSTRVCTURAI, srunr ()F MIXED nOT ISOS'TATICAU,Y PRESSED
STAINU;;SS grEEL POWDERS

! School of P«','l''; ami Mut:.:'rial'l Hngint'c·ring. University of the WltW.ltcrsrallJ
Z Phy,;i-',J! MCI;lllurt'Y Division, Mintd;. Private !lag X3105, RanJhurg

A novel rrL'l'.1fJti.'1l route hlf ;.t;nnk ,s ,-ted 1" ,·.J.·£1 ihJ;;
b:"r. developed, in whicl; thl' ~'li'nw'l;'rlllin<' ahllt)' l'f
the alloys is utilised II' hdlifj',' thl' lllillinL~ If the
POWUI'.·I. Stainless S(l'('J.; of lHgh chronuum ,,'Hknt ern
he heat treated to produce Illl' (,igllhl phase, whi.h ht'ine
brittle, is very easily crushed. 'Ihc ullv,U1tj[~l' Ill' tllh.
method is tha! tine powder ,.111 be l'~lsily and Ch"3!,ly
manufactured. 11w powder i" then !;h:ll'c'.i by nhlt
isostatically prer,.ing (HIPping) ill a pwrridnry
m~tl1(lu~ Hll'pcd components are well known h'f their
homogeneous microstru.turc« and rL:,tlltin~' ex..:dknl
properties, However, • ':.' are 1\\',. t1hlJIoJJlt,lgC;;:
firstly. thnt lome signu t;'!ll)'; (Ill "".ling from ell,'
HIPping process, and 1;,-,;,:('n,lly Il,.' d.ln!~"1Ilhlt :,il)[111
could reform !.luring use (If the item, if hiL~hmnllgh
temperatures (=75(1'(,) were ('xjll'ri-'nwl. In either
case, sigma could be ,1,'ltin10ntal tll tho Il:cd.anical
properties.

:\ safer approach j.; II' mix pIlwuer", [,;I Illat the
cheapness of the sigma-comminution is still rd,lineJ, but
Ill" resulting powder's niSlIla·f,muing ear.INtity b
avoided hy the auditioll (If h)W,'f C'r<\'oiltcnlt.
commercially available powders,

A master uU"y (If r"lllp'I~'it" mh',2Ni ·2M,hUlCe-OANb
was ·[,ii'lllatb~·.Jn by annealing ut 'l:-n {' t~'r ·t5 h Nev
ull,,),s WI'f,' li1.\It· \11' lIy mixi[l~~til,' milled ma-ter ull~'y
in different \\drllt mli",; wijh 1','Ill11kh,i.tl ~HI!
htil!llkf:~ l:tl'~·l.TIki,' 1,II11ph',,;wcr,: til 'n ll!I'!,,:J, mill
lh,' r";,uhinf lllid\'"lrlt.'tUf,' 'WI" \,uhh,,! \I' in,' "1'11";11
111i,·£\';;,;,,1';", u'\,1 :-;)·M \\Ith l'l'.'>, ''\'I1\','.IliI11~ \" 111 ,
l,\ml"J out ;.ilb. :<jlldltl: •. ,,: III" I' :,'1 '''' 'II'

It tit,· a llll'j".j ~:\l:~:"Ii' : !
v., • VJ' ,; t. \ I;., pi, J'

I" '~~;l.L

'I;; ',";; It,! It

I.·In"L, I' '. ;d fl'

t:.
I}

'I11C inv(?"tigJlillll has illll',tratt.'J that 'synthetic'" duplex
alloys c('mrfi5ill~ uific'lins ratios (If the master alloy
und 3161, have potential f"f HIP manufacture.
(\'ffl'f;j(lll experiments (Itt' now heine undertaken, willi
a view to (',',tahli"hing the applicability of these novel
materials,
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