The Influence of Elemental Partitioning on
Hardness in a 12% Chromium Dual-Phase Steel.

by

Ann E. Philcox

A thesis submitted to the Féculty of Engineering,
- University  of Cape Town in  fulfilment of the
degree of Master of Science in Applied Science.

Department of Materials Engineering,
- University of Cape Town,
March 1989

v >4 LRI . . e ki S LRI,
The University of Cape Town has been given
the right to reproduce this thesis in whole
or In part. Copyright is held Ly the author,

g T




The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



I would like to thank the following people who assisted me in the

rgaearch work.

Dr Martin Shaw for his help and advice.

Robert Knutsen for his alwaya friendly assistance.

Mr N Dreze and Mr G Newins for their technical assistance.
Mr J Peterson and Mr B Greeves f01; the photographic work.

Mrs H Bohm and Ms S Betz for their assistance in the preparation of the

‘manuscript. .

Middelburg Steel and Alloys (Pty) Ltd for financial support.



ii

During the annealing treatment in the production of dual phase steels,
pa.rtltlomng of alloying elements can occur depending on competitive
solublhty in the ferrite and austemte for the specific partitioning
species. An investigation of the partitioning of substitutional elements
was considered paramount in understanding certain anomalies that had
been identified by previous researcuhers in various studies of a‘ dual-
phase 12% Chromium steel, designated 3CR12. These anomalies concerned
observed increases in bulk hardness that could not be attributed to
changes in the volume fraction of martensite produced after exposure to
a range of temperatures within the dual phase field. Subsequent
experiments revealed an unexpected increase in the microhardness of the
martensite phase produced by heat'treatmer.lt in the temperature range

of interest.

In this thesise conventional analytical measurements uaihg Energy

dispersive X-ray analysis facilities attached to a Scanning Electron

" microscope have been utilised to determine the compositions of ‘the two

phases in the a_]loy. A range of températures in the dual phase region

have been investigated at holding durations of 1, 4 and 20 hours.

It was‘ found that partitioning of substitutional elements was occurring,
however no changes were observed as a function of holding. time.
Further -empirical data was obtained using dilatometric methods. This
s:i‘:rongly~ suggested that interstitiai concentrations were increasing as a
function of annealing time and clarified the anomahea observed _during

prev1ous studies on 3CR12.

Further study includes that of substitutional element partitioning in the
prior states of thé commercially produced hof.-rolled and annealed 3CR12
alloy. These include the as cast slab and the hot-—rolled slab, as well as
the final hot-rolled and annealed slab.
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Segregation was Tfound to occur in the as casrt slab. Subsequent
investigation showed the presence of 6-ferrite in the final processing

stages 6f the hot-rolled and annealed product.
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- CHAPTER 1

Chromium, has a dual phase microstructure after annealing between two
critical temperatures determined, under equilibrium conditions, by the
range of the @ and r phase field boundaries. The dual phase
microstructure is produced by having the correct balance between the
ferrite-forming elements (Si, Ti, Cr) and the austenite-forming élements
(C; N, Ni and Mn). The microstructure resulting from the above
treatment consists of a ferrite matrix with a finely dispersed second

phase of martenasite.

Empirically, the properties of dual phase steels can be understood in
terms of a composite of two phaées, ferrite and martensii;e (usually 10-
20% by volume)l. The important parameters in controlling the ‘properties

of dual phase steels are the volume fraction and the strength of

- martensite, both of which are determined by the intercritical annealing

temperature and the comﬁosition of the alloy; at equilibrium, these are
found from the appropriate tie line construction. During intercritical

annealing, alloying elements attempt to redistribute with time to reach

 chemical equilibrium, and this redistribution affects not only the final

hardenability of the austenite in the dual phase structure, but also its

growth rate during intercritical annealing.

Extensive research has been carried out on 3CR12(®-17  including that
of Brink* and Schaffer!’. The origin of this thesis stemmed from certain

anomalies observed in their work which could not easily be explained.

The first question arose from Brink’s* work. He observed, after the
heat treatment and quenching of a hot-rolled and annealed 3CR12

specimen in the intercritical annealing region (figure 1.1.), that up to



840°C an increase in room temperature macrohardness of the méterial-
was evident and was largely controlled by the increase of the volume
fraction of the martensite produced on quenching. Above this
temperature the increase in macrohardness of the material is largely a
result of the increase in the hardness of the martensite itself. This is
"shown by the fact that after heat treatment between 820°C and 840°C
the volume per‘c;entage of martensite increases rapidly (fig. 1.2) with
little change in the actual hardness of the martensite (fig. 1.1). Above
840°C the increase in the volume'percentage of martensite measuired at
room temperaf.ure is much reduced but the hardness of the martensite

increases significantly.

The reason why martensite hardness exhibited an increase after
exposure at tem'peratures above 840°C is unclear. Being a titanium
stabilised éteel, 3CR12 contains titanium carbonitrides. Furthermore,
3CR12 has only 0.03% carbon added to the base melt. Therefore, it is
expected that whatever carbon is available after titanium carbonitrides

are formed will partition to the austenite. This suggests that very little
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Fig. 1.1 The influence of annealing temperature on the hardness and

volume fraction of martensite produced after soaking for 1
hour at the temperatures indicated. The bulk hardness and
microhardness of the martensite phase are plotted separately
to illustrate the contribution of martensite hardness to the
overall hardness of the two-phase mixture. All specimens
were oil quenched after annealing.t



free carbon would be available to partition to the austenite formed
during intercritical annealing and that alternatives to interstitial
diffusion have to be considered in order to rationalise the observed

increase in martensite hardness.
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Fig. 1.2 The effect of annealing temperature (within the dual- phase
region) on the bulk hardness and volume percentage
of martensite for 3CR12. (All samples had undergone a prior
treatment of hot rolling with subsequent annealing below
800°C)¢

The results of Brink’s work, illustrated in figure 1.1., unfortunately
exhibit a clear quantitative error in that his reported microhardness
data falls below the bulk macrohardness values. In addition to the fact
that martehsite, as the harder of the two phases preseht, must exhibit
higher hardness values than the bulk, there is a well documented "load
effect" associated ‘with microhardness testing at low loads that produces
an unexpectedly eleirgated hardness value. The reason for the
inconsistency in Brink’s data is ﬁssociated with the instrumentation used
to obtain microhardness values. Hoﬁe'ver, the features of interest in
figure 1.1, are the clear trends in both curves which are not invalidated
by the comparative quantitative values. Fortunately, more réliable data
produced during the course of the present work and also by Matthewsit V
confirms the trends observed by Brink and is also quantitatively

reliable (see figure 1.3).
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Fig.1.3 The variation in bulk hardness and microhardness of the
martensite as a function of annealing for 1 hour at the
temperatures indicated in order to confirm the trends
obtained by Brink¢ All specimens were oil quenched after
soaking, The samples had undergone a prior treatment of
hot rolling with a subsequent anneal below 800°C.

The second question to arise was from Schaffer’st? work. Schaffer
postulated that it can be reasonably assumed that carbon in solution will
distribute preferentially to austenite rather than ferrite. Thus, for a
given transformation temperature tfle more austenite formed, the lower
the equilibrium carbon content of t’he austenite and thus the softer the
subsequent martensite formed. However, the reverse effecta were

observed, see figure 1.4,

Therefore, as a result of the =above, Schaffer“_ proposed that the
hardness was initially aff'ectéd by the diffusion of carbon and thai any
subsequen"c increase in the martensite hardness was attributable to
substitutional elements partitioning to their respective phases.'r
Substitutional solutes generally cause symmetrical distortion of the

golvent lattice leading to relatively moderate strengthening effects.
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for  isothermal austenitisation transformations.The
temperatures and duration of soaking time are indicated on
the graph. All specimens were oil quenched after soaking.
Prior treatment included hot rolling with a subsequent
anneal below at 800°C 7

This thesis is thérefore predominantly concerned with substitutional
element partitioning that is thought to occur during intercritical
annealing. An understanding of these partitioning effects would give
greater understanding and insight into the mechanisms by which
microstructural control at elevated temperatures can determine room
temperature propertiés; elucidated by theix; effect on the property of

hardness. .



- The approach adopted in the present 'w_ork has beeh to initially
determine whether the trends introduced in this chapter were
_consistently obtainable. S.ubsequent experiments have -involved using
Scanning Electron Microscopy in order to determine substitutional
element partitioning patterns. The duration of‘ exposure at specific
temperatures was considered important in-order to identify whether any
long térm partitionirig was . evident. Altérnative meéhanisms to
substitutional par»titionving have also been considered and dilatometry has
been used to examine the.influence of annealing time and temperature on’

the transformations of interest.



Literature survey

2.1 The constitution of stainless_ steels

-~

The constitution of all the s’tainle_ss steels plays an important role in

controlling their metallurgical characteristics and mechanical properties.

The two mm'nv alioying elements namely, Ni and Cr, have>oppolsing effect's
on the constiﬁ.ution; the; former béing an austenite former and the latter,
‘'a ferrite former. Hence, Fe-Ni alloys show an expanded
femperature/composition range for austenite stability whilst Fe-Cr
alloyé show the reverse effect and ~a closed gamma loop (see fig.2.1 a
and b below)., Other alloying elements can cclrivéniently be classed either
as austenite fdrmers, (C, N, Cu, Co, Mn) or as ferrite formerp (Mo, W,
Nb, Ti, V, Si, Al) which respectively increase or decrease the extent of
the austenite phase f1eld. In Fe~Cr alloys, the maximum Cr content of

the gamma loop increases rapldly w1th increasing Ni, C or N content.t

Fig. 2.1. Classification of iron-alloy ' Fig.2.2. Classification of irom-alloy
phase diagram: open Y —field! ‘ phase diagram: closed ‘Y-ffieldl

A



One of the most convenient wayé of representing the effect of various
elements on the basic stfucture of chromium-nickel stainless steels is
the Schaffler diagram, in which the compositional limits at room
temperature of austenite, férrite and mﬁrtenaite are plotted in terms .of
nickel and chromium eqﬁ_ivalenta (figure 2.3).! At its simplest level, the
diagram shows the regions of existence of the three phases for iron-
chromium-nickel alloys. However, the diagram becomes of wider'
application when the equivalents of chromium and of nickel are uaed for

the other alloying elements. Thé chromium equivalent has been applied

using the most common ferrite-forming eléments“:

*%Cr equivaleht = %Cr + 2(%Si) + 1.5(%Mo) + 5(%XV) + 5.5(%Al)
' + 1.75(%Nb) + 1.5(XTi) + 0.76(%W)

while the nickel equivalent ‘has likewise been determined with the

familiar austenite-forming elements!®:

%Ni equivalent = %¥Ni + %Co + 0.5(XMn) + 0.3%(Cu) + 25%(N) + 30(%0)

all concentrations being expressed as wt percentagea.

Difficulty may be encountered in dealing with an element such as Ti in
terms 6f its Cr equivalent value as it not only partitions to ferrite but
also removes from solution the auatenite’ formers C and N as titanium
carbides\titanium nitrides. Equations have been suggested to take into
account the carbide and nitride forming tendencies of Titanium,® for

example:
%Ti (effective) = XTi - 4 [(%C - 0.03) + XN]

When the carbide\nitrides are partially dissolved the constitution can be
determined by elements in solution: these concentrations can be
calculated from solubility data and then used individually with the
appropriater Cr or Ni equivalent value!®. Titanium in solution can be

calculated from the following equation:



Tiss = (Ti) - 3.42(N) - 1.49(0) ~ 4(C)
where Tiss = Titanium in solid solution. (Tiss for 3CR12 is
typically 0.15 to 0.2).9 '
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Fig. 2.3 Schaffler diagram. Effect of alloying elements on the basic
structure of Cr-Ni stainless steels?

The partitioning of alloying elements is important as it controls the
properties of the individual phases. The ratio of partitioning for a given
element between austenite and ferrite is not constant, but depends on
the composition of the steel and the width of the two-phase field; see
figure 2.7 for example. Isothermal sections of the Fe-Cr—Ni system
clearly show that a given ratio of austenite: ferrite, for example in a
duplex steel, can be obtained by many different alloy vcompositions, but
that in each the compositions of the austenite and ferrite will be very
different. This is another meéns of predicting the phase constitution, i.e.
using the Cr and Ni equivalent values which may be plotted on
isothermal sectionsv of the Fe-Cr-Ni diagram suvch as those shown in

figures 2.4 and 2.5.
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2.2 Dual phase steels

The typical composition range for conventional dual phase éteels is;21

0.1 -0.2 C
0.4 -0.6 Si

1.3 - 1.7 Mn
0.04 - 0.07 V

Other possible additions being Mo and Cr.

The dual phase steels have a characteristic two-phase microstructure
consis'ting'of about 80 vol% ferrite (a—iroh) and 20 vol¥ martensite. The
tefm_ "d\\ial phasne" was coined in the mid-1870’s to describe these
.ferrite-martensite ’ micz“'ostructures,“,“‘ but dual phase steels can
contain more than» the two phases implied by their name. The term "dual
phase" refers to a class of low alloy steels whi_ch was originally
developed to satisfy an increasing need, prinigrily in the transp{).rtation.
indﬁstry, for new high strength materials which permit weight reduction |
without sacrificing formability or dramatically increasing costs.20:21, The
key feature of the annea.ling treatﬁlent in the two phase (a and Y )
field, (i.e. in the production of dual phase steels,) is that the carbon
content in the austenite pools will be substantially higher than in the
ferrite, VThus on quenching the steel to ambient temperatures the
martensite will be relatively hard due to carbon in solution and.defect.
hardening?! and the ferrite will be soft. The result is a dispersion-
hardened structure with a highly ductile matrix. The martensite acts as
a load carrying éonstituent in the soft fe;-rite matrix; the matrix

supplies the system with the essentiai ductility?1,

3CR12 has a two-phase ( a and 7Y ) structure once it has Been
intercritically annealed. Although 3CR12 is a member of the dual phase
steel family it is a special alloy in that it has 12% Cr and only 0.03 vol
% Carbon added to the base melt_._ It is commercially available as a hbt—
rolled _a‘nd' annealed material having a ferrife_\tempered martenéite
microstructure. The compositional liniits for 3CR12 are tabulaf.ed c’m' page

»13, table 2.1.
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2.2.1. The origin of 3CR12, the hot-rolled and annealed product

3CR12 is a titanium stabilised, weldable and corrosion resistant steel,
with a composition arising from small but significant compositional
deviations from that of AISI 409. A ferrite factor, using the Kaltenhauser
' formula?? is calculated by balancing'carefully the auétenite and ferrite-
forming elements. For 3CR12 this ferrite factor is in the range of 8-1213,
‘Kaltenhauser?? constructed an empirical formula which takes into
account the relative austenite and ferrite-forming strengths of the
vérious alloy elements and determines whether the ateel wiﬁ be
austenitic, ferritic or duplex. The formula gives the so-called ferrite

factor, FF, as follows:

fei'rite factor = %Cr+6(;%Si)+8(%Ti)+4(%Mo)+2(%Ai)-2(%Mn) 4(%Ni)- ‘
' 40[%(C+N)] ‘ '

The composition (table 2.1) of 3CR12 gives rise to a banded two-phase
structure of martensite and ferrite after hot rolling, which, ‘aft.er
tempering produces a ferrite and tempered martensite microstructure.
The‘ tempered martensite has a very low carbon content. The banded
‘micrOStructure arises from the hot-rolling procesa being carried out in
the duplex ferrite-austenite region®. The a—> 7Y transformation occurs
at approximately 800°C. This can be dilatomefrically determined and
depends upon the ferrite factor. The coﬁlposition of 3CR12 at =12% on
the Fe~-Cr diagram is indicated in fig. 2.7. At 780°C the as-rolled
material is almost completely ferritic. At 800°C a fine duplex -
microstructure ia generated and retained u;"xtil =1200'C, this structure
becoming coarser with increasing temperature. The structure that 3CR12
possesses in the commercially available condition is a structure that has
been transformed to a stable fine-grained ferritic and t.empered \
martenéitic structure by annealing at temperatures just below the dual’
phase (@ and V) boﬁndary (the Austenite start (As) temperature), see
fig. 2.7.. '



C N N1 Mn - Si P Cr Ti

.63 ] ¢.03 | 1.5 | 1.5 | 1.0 | 0.03 | 11.0- | 4(C+N)
max max ma&x | max { max | max i2.0 .min

Knutsen!® has proposed that g-ferrite is retained as §-ferrite stringers
in the final hot-rolled produét. This is due to the transformation from
§-ferrite to austenite not going to completion and resulting in the
presence of a stable re;sidua.l’ 6-ferrite at room f.emperature. The origin
of these 6-ferrite stringers can be explained briefly aa folic_ws: the -
transformation from 6§-ferrite to aﬁstenite is- a diffuaional process and
~ elemental pai‘titidning occurs between the two phases. Hence the residual
s-ferrite phase becomes richer in ferrite-forming eleménts (Cr increases)
whereas ’th‘e transformed phase (austenite) becbtnes richer. in austénite-
forming elements (Ni indreases). However Knutsen!® has shown that ‘this
transformation does not go to completion and has identified a stable

residual §-ferrite at room temperature.

The thermal history of 3CR12 is schematically represented in figure 2.6.
This is the production route of 3CR12 plates and has been included in
order to illustrate the heat treatments and relative time involved in the
different stages of the final hot-rolled and annealed product. The scrap
and alloy material are melted and refined and then dispatched to the
folling' mill for pretreatment and rolling. Here the slabs are rolled to
their required size (or an intermediate size for cold rolling). The plates
are then cooled andAfinaliy annealed in order to soften and homogenise

the ,matéfial after rolling.
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Fig.2.6 A schematic representation of the thermal history of 3CR12

during its production as plates

2.2.2. 3CR12 constitution according to the phase diagram

The pseudo-binary phase diagram (fig. 2.7) shows ‘the composition of

| 3CR12. This phase diagram has been generated Ifrom isothermal sections

of ternary diagrams for solid-phase equilibria in Fe-Ni-Cr systems' for

| 85 wt% iron 19, By using Cr and Ni equivalents calculated according to

-the equations shown in section 2.1, compositions’ having particular

phases can be determined.’® The compos_itional line for 3CR12 has been
calculated from these equivalents ﬁnd is shown in fig 2.7. The structure
existing at 1400°C should be a homogeneous §-ferrite phase. On cooling
to 1150°C, the transformation -fronf s-ferrite to austenite should

ultimately go to complétion._This is vefified in ‘fig\ire 2.7 which shows an

Fe-Cr-Ni pseudo-bina.r& diagram for a 85% wt% iron. At 1000°C the

coniposition should lie within the 7 -nose.

The transformation 'Ifrom s-ferrite to 7Y is diffusionv controlled involving

the transformation of the &-ferrite matrix into a dual-phase structure
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consisting of the 6-ferrite phase and the new austenite phase. As the
transformation from 6&-ferrite to austenite is a diffusional process,
elemental partitionihg occurs between the two vphases, i.e. the residual
6-ferrite becomes increasingly richer in ferrite fbrmers_ (e.g. Cr
increases) andv the austenite becomes increasingly richer in austenite

formers (e.g. Ni increases).

The composition of these phases is deternﬁned-by thé solvus lines as
indicated in fig. 2.7. At temperature T1, the ferrite phaée shopld have a .
composition of X1 whereas the austenite should have a 'composition X2,
This indicates the respAective partitioning of ferrite and austenite-
forming elements to the ferrite and austenite phase. On further cooling,
the slope of the solvus lines gives rise to a decrease in the amount Aof

ferrite phase at the expense of austenite growth. This is shown by the
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Fig 2.7 Pseudo-binary Cr-Ni equilibrium phase diagram for 85 wt %Fel¢
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tie-line at temperature T2. The composition of the ferrite and austenite

has now changed to X3 and X4 respectively.

As stated above,‘ the transformation is diffusion controlled and therefore
the rate of transformation is expected to slow down as the temperature
is decreased. At 1400°C the composition of the single §-ferrite phase is
expected to be homoéeneoua in view of the rapid homogenisation of
ferrite at fhis temperﬁture“. In 30312 the rate at which the aubsequent
diffusion contfolled transformation to austenite occurs will be partially
determined by the diffusion rates of the main substitutional elements,

‘namely Cr and Ni, as well as C énd N.

2.3. DIFFUSIONAL TRANSFORMATIONS

2.3.1 The formation of Austepite during Intercritical Annealing.

Dual phase steels éan be produced in several ways and with a wide
range of compositions. However, the first step in the development of the
as heat-treated, dual-phase 3CR12 microstructure is the formation of a

certain amount of austenite during intercritical annealing.

Annealing of a steel between ite critical temperatures i.e. the Ael and
Ae3, results in the Vformateion of ferrite and austenite. All solutes present
in the steel tend to partition between these phases, although to
different extents. The amount of austenite in the steel at a given
temperature is determined by the extent of partitioning and corresponds
to equilibrium only when the annealing time is sufficient for complete
partitioning of the alloying elements. The redistribution of substitutional
alloying e.lements is much slower than that of the in_teratitial carbon and
nitrogen as the diffusivities of the latter are nearly 105-10¢ times larger
than those of the substitutional alloying elements. See table 2.2. '
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Difusion
Acuvation  Frequency coefficrent. Temperature
energy @  factor. D nggc range
Soivent Sclute (kJ moi=%) (cm?s-1) (cmls~h (C)
yaron  C . 135 015 1.5 x10-7 900-1050
Fe 269 . 018 2.2 x10-12 1060-1390
Co 364 30x102 240 x10-% 1050-1250
' (a1 1050 C) )
Cr 405 18 x104 580 x10-"2 1050-1250
" (a1 1050 C)
Cu - 253 30 15.0 x10-" 800-1200
N1 280 077 7.7 x10-13 930-1050
P 293 28.3 3.6 x10-12 1280-1350
S 202 1.35 1.5 x10~9 1200-1350
W 376 1.0 x103 120 x10-12 1050-1250
(a1 1050°C)
a-iron  C 80 62 x10-3 1.8 x10-6
N 76 30 x10-3 1.3 x10~-6
Fe 240 05 700-750
Co 226 0.2 2.1 x10-" 700-730
Cr ~ 343 3.0 x104
Ni 258 9.7 3.7 x10-" 700-900
P 230 29 2.0x10-10 860-900
W 293 3.8 x10?2

The importance of studying austenite formation between the Ael and the
Ae3 equilibrium temperatures is recognised because the austenite phase
is of considerable technological interest and its occurrence plays an
important role in several methods of thermal and thermomechanical
treatment of steels. In addition, the infl‘qence of a fine austenite grain
size on the structure and mechanical propertiés of the transformation

productﬁ has been recognised for many years.l?

It is well established®®s that the growth of austenite is controlled by
diffusional mechanis including the diffusion of interstitials (i.e. C and N)
as well as sﬁbstitutional elements ( i.e. Mn, Si, Cr, Ni,v etc). Re.levant
'models describing the growth of austenite involve:

(1) carbon diffusion control and (2) initial carbon diffusion control

followed by substitutional alloying element diffusion control.?4

In the binary Fe-C growth modél the equilibrium compositions of a and 7Y
are fixed for a given temperature in the intercritical region and the

- only independent diffusing species to be considered is carbon.
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The latter model deals with.the effect of alloying elements on the
for?nétion of austenite. Wyvcli‘ffer et al % and Speich et el 27 studied the
growth Qf austenite during the intercritical annealing of a dual-phase
steel. They assumed that theA, process of austenite growth. may be
considered in three stages, The first two stages involve carbon ,di_ffusionV
control, and limited diffusion of Mn in a. The third and final stage

involves the diffusion of Mn through 7V .

As in the case of the binary growth model, the ternary262? (i.e Fé-C-
Mn) and quaternaryi® (i,e Fe-C-Mn-Si) growth models assume the
existence of local equilit;rium at the a\?Y interfaces, The local equilibrium
model applies equilibrium thermodynamics to a kinetic phenomenon. It is
assumed that the elements of two phases in contact with each other are
in chemical equilibrium at ‘the interfaces, but the bulk composition does
not attain chemical equilibrium., Local equilibrium is one of the conditions
which distinguishes between diffusion and interface cohtrolled

growth.28 A -

A more detailed description of Speich, Demamest and Millerm’s?? theory
of austenite formation involves; (1) an almost instantaneous nucleation
bf austenite at pearlite or grain-boundary cementite particles, followed
by very rapid growth of austenite until the carbide phase is dissolved;
(2) slower growth of austenite in ferrite at a rate that is controlled by
carbon diffusion in austenite! at high temperatures and by-ménganese
diffusion in ferrite (along grain boundaries) at low'temperaturesand'A
(3) very slow final equilibration of ferrite and austenite at a rate that

is controlled by manganese diffusion in austenite.

The control of the auéteni_te growth byv manganese ciiffusion ih the
" ferrite at low temperatures implies that manganése enrichment of the>
austenite phase" must occur, which has been observed. Cdnsideration of
phaae equilibria in the ternary Fe-Mn-C system also indicates that the
austenite phase will Vbe e.n‘r‘ichedrin both manganese ‘and carbon if true

equilibrium is achieved during intercritical annealing. However, many
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authors have assumed that because: of the short annealing times only’
carbon redistribution occurs between the two phases, because
substitutional manganese diffuses much more slowly than interstitial

carbon. This situation is referred to as paraequilibrium.

232 Parsequilibrivm - |

This basic concept' was propoaed by Hultgren®® and is particularly
useful when a fast diffusing species is prominent e.g. in some ternary
systems. In this condition the substitutional elements do not contribute
to the transformation. The transformation advances only by the
interstitial element diffusion and local equilibrium of the ihteratitial'

element is attained acrosa the interface.

Even in cases where there is no partitioning of subsatitutional ‘solute
between ferrite and austenite, the alloying element exerts considerable
ipﬂuence on the rate of transformation since it alters the relative
activities of carbon in the two phases ai’. the interface, affecting bbth
the driving force for the reactjdn and the carbon diffusivity.

Koch and Eckstqinal using a Cr-26% Ni-6X stainless qt.eel studied the
growth of austenite from ferrite. Their results showed the
transformation to be controlled by éhromium and nickel diffusion which
redistribute simultaneously during the transformation, resulting in an'
increase in the nickel content of the austenite and chromium content of
the ferrite. Whereas L«amel*'\ﬂ showed for an Fe-1.2% Mn-0.1% C alloy '
that the austenitisation reaction for "regions where both ferrite and
austenite are stable,” i.e. at temperaturea between the ‘Ael and Ae3
temperatures the reaction proceeds via two stages. The first stage was
the direct transformation from ferrite to austenite and was carbon
diffusion controlled. Further transformation to austenite during the
second s‘tage was manganesé diffusion controlled. At temperatures ghg\m
the Ae3, the first stage of austenite growth was controlled by solute
.drag at the ~‘aust.enit.es/ferrit,e’‘ interface,while the second stage was

, ‘manganeae diffusion controlled.
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For a Fe-10%Cr-0.2%C alloy, Lenel found that the austenitisation also
occurred via two stages. Firstly, the nucleation and growth of austenite
was controlled by carbon diffusion through ferrite, while chromium
partitioning did not occur. Secondly, alloy carbides dissolve in the
newly formed austenite and at this stage the transformation is controlled
by chromium diffusion.

Wycliffe, Purdy and Embury determinedi for both a ternary and
quaternary steel, that a rapid carbon diffusion controlled period of
growth goes t.o completion in f.imes of the order of a second, followed by
much. slower growth controlled by diffusion of subatitutional =alloying
element(s) in ferrite. The rate and extent of austenite growth is related
to the alloy chemistry, the scalei of the microstructure and the
partitioning coefficient(s) of the alloying element(s).  However, during
the same year, Koo et al®® determined for an AISI 1010 steel, the
partitioning of carbon and substitutional elements between ferrit.é and
martensite during an intercritical anneal. They deduced that, as no
preferential partitioning of Mn was observed, the change observed in
the d spacing using lattice fringe imaging was entirely attributable to
carbon partitioning to austenite. Likewise, Sariléaya et al¥ observed in
a low to medium carbon lath martensitic structural steel that the
existence of retained austenite at room temperature was attributable to
carbon diffusion to the austenite and to the martensite\austenite
.interfaces. They also found no detectable change in substitutional

alloying elements between martensite and austenite.

Garcia ® found in his study on dual-phase steels that the formation of
austenite from a ferrite-pearlite microstructure occurred in three stages:
(1) formation of austenite at peaﬂite bands followed by (2) auatenite
formation outside the pearlite bands (i.e. at pearlite colony intersections)
and finally (3) the austenite growth at ferrite grain boundaries i.e.
austenite into ferrite. The initial section of this stage was adjudged to
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be controlled by carbon diffusion first and then the final portion to be
controlled by Mn diffusion.

Schaffer’? observed in a low carbon dual phase steel, namely 3CR12,
that the direct transformation from a body centred cubic crystal
structure, a, to a face-centred cubic crystal structure, austenite, was
the rate controlling step for the austenitisation reaction in this steel.
The reaction was not contfolled by long range diffusion and partitioning
of the Ni, Mn and C to the guaf.enite occurred after the crystal
- structure had changed. '

Chaturvedi and Jena® determined for an Fe-1.0XMn-0.5%Cr-0.5%Si-0.2%C
steel that the martensite content of an intercritically annealed dual
phase steel was the same as that calculated using a model of partial
‘equilibrium. This implied that partitioning of carbon | occurred without
partitioning of substitutional solutes. However at higher intercritical
annealing temperatures the experimental values departed from the
calculated values and approached equilibrium. This he attributed to thé

partitioning of substitutional solutes,

2.3.3 The austenite decomposition reaction

The decomposition of austenite by nucleation and growth processes can
result in a number of different phases, depending on the alloy
composition, the reaction temperature and the time for which it is

allowed to proceed.

2.3.3.1. Kipetics :
The kinetics of a phase change can be illustrated by a TTT diagram. For

a plain C steel the TTT curve for the decomposition of austenite has a
simple, well defined "C" shape. The nose of the ct\irve represents the
temperature at which the reaction proéeeds mosf. rapidly, slowing down
at higher and lower temperatures. The reasons for this shape are due to

the interaction of the thermodynamic driving force governing the
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reaction and the diffusivity of carbon. At high temperatures the driving
force is low but the diffusivity of carbon is high, whereas at low
temperatures these effects are reversed. At intermediate tem.peratures,
i.e. the nose .portion of the curve, the driving force and diffusion rate

are optimised and the maximum reaction rate is achieved.

Honeycombe? suggests that at tranéformation temperatures above 700°C,
nucleation of ferrite takes place predominantly at the austenite grain
bqundaries, because they are both energetically favourable nuéleation
sites and provide faster paths for diffusion. Ricks et al®” when
reporting on a study of a ternary Fe-7%Cr-2%Ni alloy observed two
different ferrite reaction regions; »that between 660 - 600°C where the
ferrite reaction was observed to nucleate but. was sluggish and ‘the
reaction never went to completion and one region below 600°C where a

much faster reaction was observed.

The addition of alloying elements have been found to have a variéty of
slgmflcant effects. Ricks et al” showed that the addition of 7% Ni to an
Fe-2% Cu alloy significantly retarded the reaction kinetics; Irvine et al®
determined that the addition of 12 ¥Cr to a low carbon steel retarded
the ferrite reéction and the steel became air hardenéd. These alloying
elements retard the proeutectoid ferrite growth kinetics because they
have lower diffusivities and also reduce the rate of diffusion of carbon

in iron?!.

‘Schaffer!? determined the TTT curve, (see figure 2.8) for the
transformation between austenite and ferrite in 3CR12 which showed

conventional "C" curve kinetics.
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‘The relevant phase diagrams show that ferrite and austenite can
 dissolve different vquantities of the various alloying elements.v At
equilibrium therefore, the alloying elements should partition between the
two phases.. Darken and Fisher(see 1) suggested a theory of partitioning
which asgsumed that austenite-forming elements partition preferentially to
austenite, while ferrite-forminé elements usually partition to ferrite.
Thus, these elements may control the rate of transformation from
austenite to ferrite. As the rate of carbon diffusion is more rapid than
that of the subs.titutional‘ elements, it is possible t_hat the latter may

control the reaction kinetics in Fe-C-X alloys, where X is Cr, Ni, Mn etc.

Aaronson et al3® invegtigated the parfitioning of alloying elements
between austenite and prbeutectoid ferrite in high purity Fe-C-X alloys,
using electron probe analysis. They found that no partitioning occurred

during the early stages of transformation ‘at any temperature studied in
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the Si, Mo, Co, Al, Cr and Cu steels. Partitioning however did occur for
the Ni, Mn and Pt steels above an "individually characteristic critical
temperature." Furthermore, there were no significant concentration
profiles in the ferrite but often unequal concentrations of nickel were
present on either side of an austenite grain.~ They found that.‘ the
growth kinetics of proeutectoid ferrite were controlled by substitutional
element diffusion when partitioning occurred and by carbon diffusion
when it did not. Aaronson et al ¥ formulated a thermodynamic theory of
partitioning. They calcuiated a "no-partition” Ae3 curve which follows a
temperature-composition path lying below the equilibrium Ae3 curve . At
isothermal transformation temperatures lying between t.heée ‘curvea, the
occurrence of partitioning is a thermodynamic prerequisite for the
formation of proeuctectoid ferrite. At temperatures below the "no-
partition"” Ae3 curve, the precipitation of ferrite, without ;Sarf.it.ioning is
thermodynamically permissible. From the nature of the nickel
concentration gradients, they concluded that the growth of "partitioned"

ferrite is controlled by the diffusion of substitutional alloying elements

in the austenite.

2.4, DIFFUSIONLESS TRANSFORMATIONS
2.4.1. The_Martensitic f ati
Martensite is a product of diffusionless transformation and can occur in

RINBLIOL DA LI

the form of thin, lenticular plates which often extend right across the
parent austenite grains, or as packets of approximately p&rallel, fine
laths whosee size is generally less than that of the austenite grains. In
both cases the parent and product crystals are related by an atomic
correspondence and the formation of martensite causes the shape of the
transformed region to change; tfnia shape change is macroscopically an
invariant-plane strain, the invariant-plane being the habit plane of the
martensite. The nucleation of martensite is generally athertgal; martensite
can form at very low temperatures and its interface with the parent
phase necessarily has to be giiasile. Ma.rtenhite forms at high

undercoolings where the chemical free energy change for transasformation
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is generally very large, well'in excess of that required to accomplish

diffusionless transformation even when the stored energy of the

martensite is taken into account.

Thg strength of martensite is affected by a variety of factors

including;17:24

8.

b.

. Ce

grain size; it has.'been shown 24 that the martensite structure can

be related to a first approximation to the prior austenite ‘grain size.

_interstitial solid solution hardening; the strength of martensite

.depends primarily on the amount of carbon in eolid solution. It has

been shown that the strength of martensite changes linearly with

the square root of carbon content.® This is probably due to the

‘tetragonal distortion of the lattice by carbon atoms during the

t'ransformatibn from austenite to martensite. The amount of

distortion increases with increasing carbon content.

precipitation or segregation of carbon; it is commonly accepted that
the two dominant factor_s which appear to influence the degifee of
precipitation during martensite formation are the Ms temperature

and the rate of quenching.

dislocation hardening; this mechanism is mainly operative in lath
martensite. Kehoe and Keddy* found that the strength of lath
martensite increased linearly with the square root of the dislocation

density, this in turn being a function of the carbon content.

elements in substitutional solid solution; it is well known that
substitutional alloying elements will affect the martensitic structure

" -ag follows:%®
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1. solid solution hardening
2. depression of Ms temperature and hence a reduction in the amount of
precipitation durmg the quench, and

3. retardation of the tempering process.

' Howevei, the overall contribution of substitutional alloying 'elements to
solid solutlon hardening is very small, It has been shown that the Ms is
related to composition by the following equation:!
Ms (°C) = 502 -810(C) -1230(N) -13(Mn) - 30(Ni) -
12(Cr) - 54(Cu) -46(Mo)
where ( ) is weight percent alloy addition.

Summarising, it aﬁpears that the. strength of martensite can be
 attributed to two main contributions. The one being a étructura.l
coht:.ribution which is largely independent of carbon content. The other
is due to the redistribution, segregation and amount of carbon in solid

- solution after quenching.

2.5. Effect of alloying elements on mechanical properties

Ideal dual-phase steels must possess such properties as low yield
stress, high tensile strength, high work hardening fate and large
uniform and total elongationuj."‘ In order to obtain such properties, the
ferrite matrix must be very clean i.e. free from interstitial impurities
and precipitates in so far as is possible, and fine martensite islands
must be dispersed throughout. Extensive research on all types of dual -
phaese steels haé been performed(4s-8%) - ‘Ain order to obtain optimum
properties and features using the concept of two phases behaving in a
mutually beneficial mode.

The effect of alloying elements on tile structure and properties of 12%
Cr s8teels has been extensively studied.(-171) The critical control of
alloying elements can be appreciated from these studies. By altering the
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equilibrium diagram alloying elements will affect the microstrudtur_e
obtained and hence the mecharﬁcal properties. Alloying elements will also
affect the martensite transformation range, usually depressing the
transformation temperature. The effect of carbon on the Fe-Cr
equilibrium diagram is. seen in figure 2.9. The addition of carbon
increases the austenite loop and significantly broadens the ferrite-plus- |

austenite region.22
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Fig. 2.3. Effect of percent carbor and nitrogen {(given equal weight) on austenite and

ferrite regions.

Austen‘ité-forming elements invariably increase the strength of an alloy
by increasing the amount of austenite, which subsequehtly transformé to
mariensite. The interstitial solutes, C and N, increase the strehgth of
_martensite and their effects seem to be more or less a linear function of
concentrationt!. Increasing amounts of austenite (which subsequently
transforms to martensite), cause a linear increase. in tensile strength
(figure 2.10)%4, Increasing amounts vof ‘martensite, however, first lower
the yield stress, but more than 15-20% martensite causes the proof or
yiel'd stress to increase (figure 2.11). This is observed inr several Cr

containing dual-phase allo'ys. '

Grain refinement has long been known as one of the most effective
means of improving the toughness of a steel and in addition, increasing

the hardness. Dual phase steels have the advantage of being _.able to
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attain a fine grain size since growth of one phase is impeded by the .

other and vice versa. La.nzillotto and Pickering55 cari'ied out detailed
studies on the martensite constituent of dual phase steels and found
that decreasing the size of the austenit,evgrains markedly increased the

work hardening rate relative to the flow stress.

o

026
G52
02
047
076

c
013
0.14
0.49
a.44
o

4200 [T 00
1100+ S {10
Uitmate  saook <2 1% utimate
’ v 4440
Tonsllo = Tenslle . ,
Strength @0t R it \1 o3e {130 Strength 400
MPa 8ok . °",'»’/ oo 120 ksl 0.2% Yb'd
- sl 1110 Shength 4
! MPa
{100
oC
‘°° 200 ey
o ¢ 80 oCR
ocrs 026 013 70 400k : o o CR{0
vCR4 G52 014 &0 . o0R3
ocm 022 04!
oCRID 047 0.4¢ {;4‘0‘—\‘0‘.3'5“‘
acRy 076 OM Volume % Martenalte 15 20 25 30 40 45 50

Volume % Marlenste
Fig. 2.11 The effect of volume percent
martensite on the 0.2% yield -
strength of several Cr dual-
phase alloys.s“

Fig. 2.10 The effect of volume percerit
martensite on the ultimate
tensile stremgth of several
Cr dual phase alloys.>4

- Extensive work has been performed to determine the effect of adding

" content both increased the hardenability of the steel.

alloying elements on dual phase steels. Several previous investigations

have been concerned with the additions of vanadium, molybdenum and _

chromium, in enhancing thé properties of dual phase stee]s.-“ Cr

additions were found to improve the hardenability of dual phase steels.
A 0.5% Cr addition lowered the critical cooling rate at which dual phase
properties were obtained, and Marder® found that increasing Cr and Mn

Figure 2.12

demonstrates the effect of Mn on hardenability.

Koo et al®®6 observed that Si seemed to increase the carbon content of
the austenite formed during intercritical annealing, while Kato et als?
investigated the influences of Si, Mn and Cr on a variety of dual phase
steels. Si was found to accelerate the ferrité transformation and stabilise
the austénite by enriching the carbon content; while Mn and Cr also

stabilise austenite, but when the content was too large the ferrite
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transformation was suppreqped. Furthermore Si was found to improve

the ductility of these steels. 4
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Fig. 2.12 The effect of M on the volume percent secornd phase produced after

intercritical amealing at 760°C (1400°F) and 816°C (1500°F) and water
quenching ‘of cooling at 3°C/sec.™?
Hansen et als8 also performed studies on C-Mn-Si steels. They
determined that carbon content plays a _sighificant role on tensile
strength on water quenched samples; for example, for a 0.037 %C alloy,
an increase in anhealing temperature from ‘_760‘0 to 820°C increases»the.
tensile strength by 69 MPa, whereas at 0.145 %C this change in

annealing temperature results in a,strength increase of 345 MPa.

Messieni et al®® found that the carbon content of martensite increased
with the Mn and Si contents of the steel depicted in figure 2.13. The
increase in these elements resulted in increases in U.T.S. without a

significant loss of ductility (figure 2.14).
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Fig. 2.13 Influence of the mangsanese and silicon contents of the steel on the carbon
’ content (CM) of the martensite for an amount of 3 percent of martensite in
the u_licrosmlc'm:-e of dual-phase steels . 5%
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The above illustrates some examples of various investigations into the

effects of the addition of alloying elements on mechanical properties.

- It can be seen that the alloy composition and the effect of thermal
treatment markedly influence the properties and behaviour of steels.
Thus, it is important to have.a'reliable and accurate knowledge of the
behaviour of elements, both interstitial and Vsub'stitutional{ during heat

treatmént‘ and their effect on the mechanical behaviour of 3CR12.



Experimental methods

3.1  Materials used

All the materials in‘vestigated were manufactured by Middelburg Steel
and Alloys. Three 3CR12 alloys were studied ar;d were obtained from a
.commercial pfoduction route. However, each wés supplied at different
stages of production. Alloy I was received .in. its final hot-rolled and
annealed condition. Alloy" II was received from the middie of an as cast
slab and alloy III was received in various stages of the production
route. These stages included tw‘o.samples;‘ one from the edge (designated
Cl) and the other from the centre ‘(designated C2) 6f an as cast slab.
The néxt -stage included two samples again from the edge and centre
(designated Bl and B2 respectively) of a slab‘ in the hot;rolled
condition. The final stage included two samples again from the edge and
centre of é slab in its hot_—rolléd and annealed condition (designated Al _
and A2 respectively). These are diagrammatically represented in section
4, figures 4.15-4.17. The production route is depicted in section 2.2.1.,
figur‘e 2.6. Tl‘le compositibns of the steela are given in Table 3.1.; these

having been determined in the laboratories of Middelburg Steel and

Alloys.

-

]

i)
M

Alloy c Mn P S . Si Cr Ni Mo

1 5 071 | 1.15 | 0.0z | 0.013 | 0.4z | 11.28 | 0.59 | 0.04 | 0.37 } 0.012 | 10.97

11 0.0i9 | 1.17 | 0.023 | 0.015 | 0.45 | 11.15 | 0.57 | 0.0Z2 | 0.40 } 0.G3 10,35

11! 0.027 | 1.22 | 0.025 | 0.006 0.48 | 11.40 | 0.58 | .63 | 0.35 | 0.013 | 10.94

Table 3.1 Chemical Composition of test alloys; wtX: Balance Fe
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3.2 Dilatometry o
A dilatometer was used to determine the As (the austenite start ),Af
(the austenite finish ), the Ms (the martensite start ) and the Mf (the

" martensite finish) temperatures for alloy,I. The specimens were cut to .

~dimensions of 4x4x50mm. The specimen was heated to 1060°C at a rate of
3°C\min and then furnace cooled. The cooling rate varies with
temperature as illustrated in figure 3.1. The trénaformétion temperature
- was taken atv that temperature at which the slope of the dilation curvé
, started to cha.nge,A gince this represents the onset of the phase

transformation (see figure 3.2.).

Dilatometry is an established 'tecllmiqure' in the determination of
equilibrium phase diagrams. This method utilises the change in volume
associated with nearly all phase changes. For &instance. the
transformation from ferrite to austenite produces an increase in density
and hence a decrease in specimen length which is monitored by the
“dilatometer. It is applied by measuring the chenge in length of ﬁ

specimen heated or cooled at a given rate.

As the technique is a system to simulate ﬁ.ranﬁformations occurring
under equﬂibriuin conditions, it is necessary that the equipment used
must be reliable and consistent under both the cooling and heating
cycle. It has been determined!® that a 3°C/min heating rate and a
cooling rate as shown in figure 3.1., allow transformation approximating
to equilibrium conditions for 3CRIZ.Y Raynor® comments that “the chief
advantaﬁe of the method (dﬂatometry); as with the electrical
conductivity technidue, is that heating and cooling rates may be made
sufficiently slow to give an approxiniatioh to équi]jbrium, while if this is
not poaaible. the f.emperaturé may be controlled at a given value until
equilibrium is indicated by a steady state." ‘
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3.2.1.  The effect of interstitiala on the martensite start (Ms) pnd the
mmﬂﬂmmMLngmwg ,
Further dilatometry was performed on test alloy 1. The specimens were

heated at a rate of 3'C/min and again furnace cooled. Specimens were
heated to various temperatures in the dual phase region (see section
3.3.).They were held at temperature for ! hour. This set of treatments

was used to determine the Me and Mf temperature of these samples.

3.3 Heat treatments
Two horizontal tube furnaces cénnocted by a porcelain tube were used.
Specimen dimensions were 10x15x5mm. They were attached by a thin‘
nichrome wire to an AISI 316 stainless steel rod. This enabled quick and
reliable extraction froin the furnaces to the quench bath. The guench
medium being oil. All specimens were coated in two hig‘hA temperature

ceramic coats, aniscol and isomo], to prevent oxidation .

Alloy 1 (see table 3.1.) was the only material to undergo heat treatment.
As the temperature is altered in the dual phase region, kso the volume
ﬁ'action of both the ferrite‘ and austenite alters. The effect of
temperature on the volume fractions of each phase can be seen in the
pseudo-binary phase diagram for 3CRIZ (section 2.2.2., figure 2.7.). The
heat treatment temperatures considered were both betweén and outside
the dilatometrically determined As and Af temperatures; namely 815"0,
835°C, 870°C, 900°C, 950°C, 1000°C and 1060°C. This allowed for samples
of a purely ferritic structure as well as samples with a maximum amount
of austenite to be studied. Three holding times were considered; 1
hour, 4 hours and 20 hours. For the 1 hour treatment. other

temperatures mcluded were 823° C, 843°C and 882 C.
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3.4 Metallography

3.4.1 Macroetch .

The as éast samples were etched in aqua regia in order to obtain a
macroetch. The etchant consisted of 3 part.s'HNOa :1 part HC1 : 1 paft

H:O. The samples were swabbed for 10 -16 minutes at room temperature.

3.4.2 Optical metallography , .
All specimens were mounted in a cold-cuﬂnz resin., polished and

~ finished with a 0.26um diamond paste. A variety of etchants were tested.
The most effective for characterising microstructures was a tint etch of

the following chemical composition:
A, ' 100 ml of 1:5 v\v HCl
2g ammonium bifluoride
ig potagsium metabisulphite

B. 10 ml HNOs
20 ml HCI1
30 ml H:O

Stage 1 required a pre—etch with etchant B to reveal the general
microstructure and ferrite grain boundaries Vplus martengite sfructure.
&Immersion of 24 minutes at room temperature was sufficient. Stage 2,
usinﬁ V etchant A, tinted the specimen. A good contrast betﬁeen the
ferrite and martensite was obtained. The fer,rif.e phase colours a
blue\brown colour whilst the martensite phase is hot etched. Immersion
for 10-20 seconds at room temperature sufficed. Between the two stages
‘the samples are washed in water. They were never allowed t.o' dry. Final
washing was 'wi‘th water followed by ulha@dc cleaning in alcohoL

A third etchant; C. 3.0g potassium metabisulphite
1.5g sulphamic acid
0.7g ammonium biflouride
100 ml H:0 | |

was used to enhance the microstructure identified in figures 4.15 (a)
" and 4.16 (a) and (b). Immersion for 10-20 sécon‘ds at room}temperatu’re
results in the martensite being etched while the ferrite remains
unetched. '
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3.5 Microan alysis
Specimens for the Scanning Electron Microscope(SEM) were usually the
same specimens used for the optical mlcroscoplc mvestlgation. They were

all carbon coated for microanalyses.

The SEM is fitted with an energy dlsperswe X-ray spectrometer capable
of detecting X-rays emitted by the specimen during electron-beam
excitation. These X-rays carry a characteristic energy and wavelength,
which when measured will reveal the elemental composition of the
specimen. Limitations of energy dispersive X-ray analysis 1nclude the
inability to analyse light elements (e.g C,N,0).

'Energy-dispersive spectrometers are most efficient for the analysis .of
X?rays having energies between = 0.7 and 15 keV.Spectrometer
resolution at energies below 0.7 keV is degraded by absorption of the
X-rays in the beryllium window and other factors such as the thin gold
film at the face ef the diode and the thin inactive la&er at the surface
of the diode .. Analysis of an element having a lower atomic number
" -than sodium (11) is ‘not considered possible. Hence, it was not possible
to analyse interstitial elements (iie C and N) using the available
equipment. However, the area of interest was the partitioning of

subsatitutional elements which could be detected.

The characteristic X-rays of some elements overlap on an energy
spectrum and this may be a serious problem if the re(ion of interest on
a spectrum contains several closely spaced peaks. An example of this
overlapping is the Ka peak of manganese (Kawa =5.9 keV) which will be
hidden by the Cr KB (KBcr = 5.9 keV) peak, and the manganese K8 peak
(KBwa = 6.6 keV) will be hidden by the iron Ka peak (Eare = 6.4
keV).Thus spectrometer resolution needs to be very high to differentiate
between these peaks. '
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The composition of the ferrite and austenite (now martensite) phases was
determined using energy dispersive spect.rome‘try (EDS) on 'a semi-
quantitative basis (SSQ). vThese analyses were perforﬁaed using a
Cambridge S200 séanning electron microscope equipped rwith a Tracor-
EDS system. It must be remembered that SSQ results are not absolute
but can be used to accurately compare relative phase compositions.
Within a single analysis system the results are repréductble and it has
been established that microanalysis is a reliable semi-quantitative method
for determining the relative éoncentrations of an alloying element in
different regions of the same phase or between phases.t It is
necessary to ‘select' optimtxm parameters that best suit a particular
material, 3CR12, as seen in figure 2.7 (section 2.2.2.), shows very small
amounts of partitioning of substitutional elements (Cr and Ni) occurring
between the two phaseg. It is therefore fundamental to have reliable
parameters to obtain accurate results. Parameters include acceierating

‘voltage, probe diameter and X-ray aquisition time.

It has been established 19,1t that those parametérli most suited to 3CR12
on the Cambridge S200 are: '

1. anr accelerating voltage (kV) of 20 kV, where the _backgrouvnd
contribution, based on Kramers’ law is at its lowest.

2. an acquisition time of 400 seconds. This was found to give the best
resolution of the X-ray spectrum, which produced a greater
statistical accuracy of analyses.

3. as small .a probe' diameter as poasible in order to obtain the
" smallest interaction volume. Naturally, an acceptable x-ray count
rate has to be ﬁchieved (monitored by the dead time percentage).

The parameters chosen for this work were a working dis-tance’ of
25mm (i.e. the distance  from the sample to pole piece in the



SEM) an_d (for the X-ray detector configurétion on thé SEM, ie. a
tilt angle of 30°) a take off angle of 58°. To minimise detector
dead time and simultaneously optimise counts the dead time

was adjusted manually to be about 25-26%.

3.6 Hardness measurements

The bulk hardness pf all specimens was measured using a Vickers
pyramid indenter at a 30 kg load. Each result is the average of four
separate indentations. These measurements are found to be accurate with

a high reproducibility.

vMicrohardneaa méaauz_‘ementa_ were performed in order to monitor any
change in the hardness of the martensite phase. The hardness of
martensite changes as a function of chemical composition - particularly
interstitial content® -~ and can thus reflect the influence of elemental
partitioning. The micrbhardneas of all specimens was measured using a
Shimadzu microhardness tester. It was necessary to use the smallest
possible load to prevent an overlap of the indentatioh on the adjoining
grains. Experimehtal error, however, is rapidly increased when small test
. loads are used due to the nature of the reéding of the indentations. Thev
relative accuracy with ’which an observer can evaluate a series of
measurements ia'i naturally increased the greater the number of
measurements taken. Thua the quoted results are an average of ten

"separate indentationa.

3.7 Volume fraction analysis

Volume fraction analysis was carried out on all specimens to determine
the amount of martensite and .ferrite formed at the transformation
' temperatures of interest. This was performed using a point counting
technique deacribed by Hil]ard; Cahn and Underwood (see ref. 11). A
9X9 graticule was fitted to the Scanning Electron Microscope. This was a

perspex graticule made according to the dimensions of the SEM
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screen. This allowed for greater comfort for the operator and hence .
mcreased accuracy. The volume fraction (VFM) was determmed according

to the followlng relationship:

V.F.(Pp) = number of grid intersections lying on =a martensite

phase/ total number of grid intersections.

THe grid \Vsuperimpoaed on the SEM s8creen was such that the
magnification relative to the grid spacing did not allow the martensite
phase to occupi more than one grid intersection, This naturally was not
alweys possible but the highest accuracy was achietred by two operators ]
using identical operating conditions. Each operator Aapplied the graticule
32 times to each specimen i.e. a total of 5184 points per specimen were
counted. This gave an accuracy of greater than 10X with a 96% level of

confidence.

3.8 x_.mnmg_tm
This technique is useful for the inveetigatlon of phaae chan(es in the

solid state. It was hoped that monitorirm of carbon concentrations using
this technique wae feasible. However, the difficulty of dn’ferentiating the
~ various phases resulted in some degree of lnaccuracy.k The similar
crysatal structures, i.e ferrite, a bedy centred cubic’ structure, and
martensite, a body centred tetragonal crystal structure, mean‘ that
there is eonsiderable overlapping of these peaks which cannot be
differentiated by the available facility. Furthermore, as the carbon
content of this steel is low (0.03%) the distortion of the ferritic and
martensitic lattice parameters is minimal thereby further reducmg the
abllity to clearly distinguish the two peaks. ‘



CHAPTER 4

4.1. The transformation temperaturee of JCR12

The hot-rolled and annealed material, alloy 1 (see section 3.1.,table 3.1)
wag used in order to dilatometrically determine the As, Af, Ms and Mf
- temperatures of this alloy. This dilatometric trace, see figure 4.1., was
obtained only to determine these transformation temperatures thus
allowing for an accurate assessment of the extent of the dual _phaae
region for this alloy. A heating rate of 3°C/min has been considered
adequate!® for identification of equilibrium transformation temperatures
in 3CR12. The high temperature diffusional transformation temperatures
observed are considered a reasonable approximation to equilibrium. The
cooling rate is shown diagrammatically in section 3.2, figure 3.1. A
maximum temperature of 1000° was achieved, whereupon the specimen
was immediately allowed to furnace cool. No soaking at any temperature
for any length of time occurred. The As and Af temperatu_res. obtained
from the trace were 842°C and 940°C respectively. The Ms temperature,
on furnace cooling, was 639°C, while the Mf was 467°C. '

. The trace of figure 4.1. indicates that specimens annealed above 940°C
should be fully austenitic. However metallography of the specimens
annealed -at 1000°C showed that 3CR12 never became fully austenitic.
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Figure 4.1 A dilatometric trace of 3CR12 showing the phase
transformation temperatures. : . .

(As represents the austenite start temperature; Af represents the
austenite finish temperature; M: represents the martensite start and M
the martensite finish temperature on furnace cooling)

The microstructures of heat treatments at 835°C, 900°'C and 1000°C for
1 hour, 4 hour and 20 hour holding times are shown in figures 4.2, 4.3
and 4.4. The microstructures of the specimens treated' for 1 hour and 4
hours at each test temperature showed no significant change with
respect to the size of the ferrite grains, whilst after 20 hours at 1(500'0

significant growth of the ferrite grains had occurred.
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The fdllowing reauits refer to the hot-rolled and "annealed cox;ndition
‘(i.e. alloy I, section 3.2). These samples having been annealed for 1,4
and 20> hours at various temperatures both "within" and "outside" the.
dilatometrically dete'r’mined dual phasé region, and then oil qﬁenched.
This 'waa performed in order to study the changes in bulk hardness,
microhardness of martensite and ferrite, ‘volume fraction of martensite

(VFM) and microstructural changes as a function of these temperatures.

4.2. Macrohardness A
The bulk hardness trends from the heat treated and quenched

specimens are presented in figures 4.5, 4.6 and 4.7. The macrohardness
values are presented in tables 1.1-1.3, appendix A. There is a very clear
trend of macrohardness for all three holding times. The hardness
inci‘eaéea steadily through the dual phase region. No dramatic increases
are obaervéd and specimens from the three holding times reach a
maximum value at 1050°C of 251.8 kgmm-3, 243.5 kgmm-? and 257.0
kgmm-2  for the 1', 4 and 20 hours holding times respectively. The
values are similar and holding time appears to have had vlittle effect,

indicating that hardness is a temperature and not time dependent

property.
4.3. Martensite microhardness

The Vmicrohardneas values . for the martensite and ferrite .phases are
gshown in tables 1.1-1.3, appendix A. Only martensite microhardness
values are presented in a graphical form as it is the property of this

phase that is of particular interest.

Genérally, the vtabulated, ferrite microhardness (see tables 1.1-1.3) values
“show a general increase in ferritic hardness as VFM increase. The
fluctuations observed, particularly for the 4 hour heat treatment, could
be due firstly to the increaée in martensite content affecting the plastic
flow in ferrite gi;ains due to the nature of the microhardness testing;

and secondly, due to increased martensite content causing high
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dislocation dgnsity in ferrite due to the greater expansion of austenite

grains upon martensite formation.

In figure 4.5, the microhardness values for the 1 hour annealed and oil
quenched specimens initially show a region of relatively small change
until 900°C, although a general increase in marténsite microha_rvdne'ss‘is
observed, but then a sharp increase in martensitic microhardness until
1000°C, whereupon a gene;al levelling of values oc.curs. The data points
of 823°C, 843°C, and 882°C were included in order to attempf‘ to
reproduce Brinkst* results. However, although the valués he obfained
were lower than the values obtained in this series of results, the trend
is similar. As stated in the introduction, his values are not |
fundamentally correct. The "load effect” assoqiéted with  the
microhardness testing at low loads further produces elevated hardness

measurements.

The 4 hour annealing treatment shows again the two regions; - the first
being a region of little change in microhardness, with a slight increase
oc'cﬁrring toward 900°C. However, the increase in annealing temperature
from 900 -1050°C >shows a steep rate of increase in the microhardness

values reaching a maximum value of 362 kgmm-2 at 1050°C.

The 20 hour anneal again shows the trend described above. A slight dip
occurs around 870°C with. the microhardness value reaching a low at
237.0 kgmm-3. However, this falls within the experimental error. Again,
the steady increase in microhardness from 900°C reaching a maximum at

1050°C is evident.

Generally, the values of the martensite microhardness for the 1 hour
and the 20 hour annealing times show the very distinct trend that
Brink* observed. The values for the 4 hour treatment are slightly lower,

however the trend is clear.
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4.4, Volume fraction of martensite (VFM)

The volume fraction of martensite (VFM) values ,foAr the three holding
times are presented in tables 1.1-1.3 in appendix A. The transparencies

over figures 4.5, 4.6 and 4.7 present these values graphically.

The VFM curve for the 1 hour treatment show little increase in VFM ét
the lower annealing temperatures but after 835°C there is a sharp
increase in VFM until *870°C whereupon a levelling of the curve results

with little subsequent change.

The 4 hour anneal shows a more steady, consistent increase as can be

seen in figure 4.6. Again the éurve levels from 900 to 1050°C.

The 20 hour anneal again demonstrates this familiar shaped curve. A |
steady increase is observed until 870°C, whereu'pon a general levelling

of martensite percentage occurs.

45 Summary of_the relationship between bulk hardness, microhardness
and volume fraction of martensite '
The relationship between bulk hardness and VFM in figures 4.5-4.7 can

be -generally separated into two distinct regions within the temperature
range of 800-1050°C. From 0% to 50% VFM there tends to be a gradual
increase"ip hardness with a steep increase in VFM. From 50% VFM and
‘greater the increase of hardness is still gra;:lual, but the VFM function
hardly changes. There is a alight increase but overall the tendency is

that of an unchanging function.

The general trend of the microhardness values can also be categorised
as having two regions. Initially this function is relatively unchanging,

but after 950°C there is a rapid increase of martensitic hardness. Thus
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the trend overall is apparent. The bulk hardness valués at ivthe lower
temperatures can be attributed to VFM increase but at the higher

temperatures it would appear to be affected by the martensite hardness

increase alone.
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4.6. Element concentration

Thevvalues for the concentration of elements in each phase is shown in
tables 1.1-1.7 appendix A. Each table gives the elemeht concentration at
a particular temperature for the different annealing holding times. The
graphs (figures 4.8 -4.13) present these values as the ratio of element
- concentration in martensite with respect to the element concentration in

ferrite, defined as the partitioning coefficient.

In figureé 4,8 - 4.13 the relationship between ‘partitioning coefficients of
the ferrite-forming elements, Cr and §&i and the austenite-forming
elements, Ni and Mn and the intercriticél annealing. teinperature is
shown. The partitioning coefficient of Cr and Si remains relatively
constant with increasing intercritical temperatur'é and also with
increasing holding time. The composition appears closely similar to that
of the bulk composition of 3CR12. The partitioning coefficients of the
austenite-forming elementg, Mn and Ni show the greatest; ,v;nriations{
However within the statistical error of the S5Q package these

fluctuations are not significant.

For Ni, after a one hour anﬁegl the ratio values show fluctuations
between 1.25 and 1.70; while the four hour anneal shows between 1.35
and 1,75 and the ZVOV hour between 1.55 and 2.04. The Mn curves again
show sligh]: inconsistencies, beipg particularly noticeable in the 20 houf
anneal. The Mn ratios for this annealing timé fluctuate between 1.25
and 1.55. However, as shown in section 3.5, the Mn peaks are overlapped
by'bofh the Cr and Fe peaks hence difficulty in accurately assessing

thev element concentration arises. v

Table 4.1. preéents a tabulated form of the ratio of the titanium content
in martensite to titanium content in ferrite. No particular trends are

observed and these values fluctuate considerably.

It is clear that partitioning of substitutional elements occurs at all
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- temperatures. The general trend is one of no significant change of '

partitioning occurring as a function of holding time and intercritical

temperature. Generally all graphs appear linear within experimental

errors.

Table 4.1.

The ratio of titanium content in the martensite to \f.he
titanium content in the ferrite phase. Annealing times of 1,

4 and 20 hours at the temperatures indicated are given.

TEMPERATURE (°C)

ANNEALING TIME (hours)

1 4 20
815 0.85 ¢+ 0.08 | 0.61 + 0.04 | 0.70 t 0.06
835 0.77 £ 0.23 | 0.64 £ 0.04 | 0.59 £ 0.05
870 0.58 + 0.07] .sb + 0.03 | 0.62 t 0.10
900 0.48 % 0.12 .50 £ 0.06 | 0.53 t 0.07
950 0.72 £0.25 | 0.75 % 0.17 | U.58 t 0.03
1000 0.67 t 0.04 | 0.80 t 0.22 | 0.63 t 0.07
1050 d.so £ 0.01 | 0.67 t 0.01 | 0.58 £ 0.01
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The ratio of element content in martensite
with respect to element content in ferrite
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The ratio of element content in martensite
with respect to element content in ferrite
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Introduction

\Thie section of work was performed on alloys II and III (see section
3.1). These were examined microscopically, ‘SEM armlyeea were performed
and martensite hardness and volume fraction were measured. This was
performed in order to determine whether any part.ltlomng of
gubstitutional elements was occurring prior to the hot-ro].led and
annealed condition. Theee tests were only performed through a vertical
gection of a commercielly produced slab. This gection has been

diagrammatically presented in figures 4.15-4.17.

4.7.1. Tng_mggma&mg_gm__qf.mmmﬂ& slab
Three dlfferent gones can be dietmzuiahed in solidified alloy ingots:

1. the outer chill zone of equiaxed cryetale
2. the columnar zone of elongated or column-like grains, and

3. a central equiaxed zone

Figure 4.14 shows the macrostructures of two different areas from the
as cast slab. The ghaded regions on the diagram of figure 4.15
repreeeht the above areas. Figures 4.15.(a) and (b) represent the
encircled areas on figures 4.14.(a) and (b) respectively. In figure
4.14.(a), the outer edge area, ghows very large longitudinal grains of 8-
ferrite with transformation to austenite occurring at the grain
boundaries (eee figure 4.15.(&)). This represents the columnar zone. No
outer chill zone is visible. In figure 4.14.(b). the inner central region,
ghows a thin chill zone near the edge of the sample where rapid cooling

has occurred, but small regular equiaxed grains are predominant.
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4.1.2 The microstructure of the as cast slab, -the "meltshop samples"
Figure 4.15 shows the microstructure of samples CI and CII from alloy
11I. From sample CI,‘ it is evident that a single phase (8-ferrite) existed
at the elevated temperaturese where the initial heat treatment prloceas
occurs during the production of 3CR12 (see figure 2.6.). This resulted in
extiensive grain growth. Transformation of 8-ferrite to austenite is
visible at the grain boundaries as Widmanstatten side-plates.
Transformation of this kind indicates that the cooling rate is faét, but
not sufficiently fast to prevent diffusion occurring and a transformation

product being formed.

The microstructure of CII shows an extension of growth of the
Widmanstatten type compared to that observed in CI; indicating that .
further transformation from S-ferrite to austenite has occurred. However
during the cooling of this slab, not all the §-ferrite is transformed to
auﬁtenite and some point is reached where the driving forcev for
austenite formation no. longer occurs and §-ferrite remains in the
microstructure, KEnutsen!® attempted to reconstruct the commercial “plant
production route in the laboratory and he observed that this
‘transformation of §-ferrite to austenite occurred , but was incomplete.

The micrographs show this incomplete transformation.

473 The microstructure of BI and BIL the hot-rolled structure -"the
- Steckel samples" : A
The hot rolling procedﬁre now results in the §-ferrite becommg
"gtringered" parallel to the rollﬁm direction. This martensite-8-ferrite
gtructure can be seen in figures 4.16.(a) and (b). Transformed a-ferrite, »
as recrystalised grains, is not expected as the hot rolling procedure is
terminated above 850°C, well above the temperature determined by
‘Schaffer1l? ({see section 5. figure 5.3.) where any transformation from
sustenite to a-ferrite occurs. Therefore, these micrographs show a

martensitic~8-ferritic microstructure.
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"the Shear gamples”,
The microstructural condition of this sample of 3CR12 after a hot-roll

4.7.4. The microstructure of the -hot—rolled_wg_x_iﬂgmmﬂe_gled structure, -

and anneal process, is illustrated in figure 4.17. A banded §-ferrite and
recrystallised a-ferrite grain structure is evident. .Thi'a banded'
‘ atructure'resultﬁ ‘from the rolling process at the previous stage of the
production route; the martensite haé been tempered The bulk hardness

and g-ferrite microhardness are presented in table 4.4 .
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4.8, | M;_gsgm:nlygesmgtw&he__aemcm .8lab, .t_h_ hot—rolled and_the hot-
rolle_d and_annealed. -samples

4.8.1. Mjs:;;:szawxgigwgtmxigngmQ,L.,end_c_lil..all«gxgm
Energy dispersive X-ray analyses of regiona CI and CII are tabulated in '
t’ablek 4.2. The substitutional elemental partitioning values of CI show Cr
enriched and Ni depleted phases with respect to the bulk 3CR12
" composition (see section 2.2.2., figure 2.7). Whereas, the substitutional
partitioning values obtained for sample CII suggest solidification having
occurred according to the bulk composition of 3CR12 ags shown in the

equilibrium phase diagram for 3CR12.

These reéults for the substitutional elements indicated that segreg"ation
has occurred during the solidification of the as cast slab.

Table 4.3 shows the substitutional partitioning values for alloy II. The
regions I*, II* and IIi', see figure 4.14(b), ﬁhow ‘no signiﬂcapt
differences in values occurring from the chill region, I%, to the equiaxed
region of III*. It is apparent that the sample of CII and alloy II show
solidification partitioning of substitutional ferrite-forming elements to
the ferrite phase and austenite-forming elements to the austenite phase
as shown for the bulk 3CRI2 equilibrium composition on the f:hasa
diagram in section 2.2.2., figure 2.7. V »

The titanium \faluea‘ for sample CI show very little Ti in the sample area.
There were large clusters of Titanium Carbonitrides observed in sample
CII, which were hot evident at all in sample CI. It is proposed, that
during the melting process, Titanium Carbonitrides form®®, During the
pouring of the melt, due to the "flow effect" of the melt into the ingots,
. the Titanium Carbonitrides become concentrated in the centre and
during the solidification and subsequent rolling process these Titanium
Carbonitride clusters remain in the centre of the slab. Thus, energy
dispersive X-ray analysis shows Ti in the centre of the slab and not at
the edge. '
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'_4-8.2- Microanalysis of BI and BII, the hot rolled structure

The partitioning values obtained for Bi_ and BII can be '_aeen in table 4.2.
Again partitioning of the ferrite-forming elements to the ferrite_ phase
and austenite-forming eleme'nts to the austenite phase has ‘occurred. The
amount of partitioning is of the same order ah thét of sample CII and
‘alloy 1I, and the relative ratios are of the same order. Schafferl?
showed that austenite will not transform to a -ferrite above 800°C and
if it were to, it would be an exceedingly slow reaction (see section 5,
figure 5.3). As hot rolling is terminated around 850°C, it seems unlikely
that any a-ferrite would form. Thus Iﬁartitioning has occurred_ between

retained §-ferrite and austenite (now martensite).

4.8.3. .M,iggggnwglygj.gmgj_..&mmm,__ghgwbQL:.1:9_1.,1_@.4.,mg..”awr‘.x_gs_é;ggwg_tg_tg
The results are shown in table 4.2. Two different phases, see figure 4,17
(b), are evident i.e. residual 6&-ferrite and recryatalli_aed a -ferrite
grains. Compositional analyses of the two regions show similar values to
those obtained in the previous stages 6f ‘the producfion route, the

' exception being t.hé edge of the as cast sample, CI.
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Table 4.4 'I‘.he bulk hardness, mi;::roha._r'dneaa and the volume fraction
of martensite for the different stages of auoy 111 '

SAMPLE REGION | BULK HARDNESS | MICROHARDNESS | VOLUME FRACTION
(HV30) (Kgmm=2) MARTENSITE (%)
AS CAST I 189 212 t 12 36 t 18
¢ ClI 209 283 £ 15¢# 707
HOT ROLLED | BI 252 357 t 21# 83 £ 8
BII 220 347 t 28% 70t7
HOT ROLLED | AI 181 198 t 20 5
& ANNEALED | AIl . 224 243 £ 29 5

* " matrix hardness, unless otherwise indicate
# martensite hardness .
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4.9. Dilatometry resultes A
Figures 4,18 (a)-(g) show the d'ilatometry traces obtained for the 800°C,
835°c, 870°C, 900°C, 950°C, 1000°C and 1050°C heat treatments

respectively. All specimens were held at temperature for 1 hour.

4.9.1 Figure 4.18 (a), specimen_heated to 800°C

During the soaking of this specimen at temperature new austenite forms.
This transf;rmation from ferrite to austenite produces an increase in
density and hence a decrease in specimen length which is monitored by
the dilatometer; and is indicated on the trace. During coolihg, the new
austenite begins to transform to a-ferrite at 666'C and finishes at
616°C. Cooling below this temperature showed no further transformation

i.e. no martensite formation is épparent.

4.9.2. : imen he ,
Spakirig at this t.einperature ai:owa a larger amount of new austenite
forming. On cooling, this austenite begins to transform’tq a-ferrite at
683°C and finishes at 636°C, indicated by x' and y' respectively on the
trace. Again, cooling below this temperature showed no further

transformation.

4.9.3. igure 4.18 apecimen heated to 8
Soaking at this temperaturs showed a very similar trace to figure 4.18
“{b). On Eooling, the trénaformation, commenced again at 683°C, x‘. and
finished at 636°C, y’. Further cooling showed no subsequent
transformation. | ’

Soaking at this | temperature showed transformation of a-ferrite to
ahstenite to occur with increased amounts of new aﬁatenite forming
during soaking. On cooling, it can again be seen that some austenite
traneforms to ¢ -ferrite at 717°C and finishes at 649°C. On further
cooling martensite formation occurs at an Ms temperature of 687°C and
finishes at 615°C.
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4.9.5. Figure 4.18 (e), specimen heated to 960°C |
Soaking at 950°C ’ahowed further formation of new austenite. This could
mean that the heating rate is too fast for complete transformation to
austenite to occur and hence further transformation occurs at the
holding temperature. On cooling, again an austenite to a-ferrite
transformation temperature is' evident at ‘731’0, x', finishing at 663°C,
y'. Further cooling shows an Ms at §75°C and an Mf at 508°C.

'4.9.6.  Figure 4.18 (f)., specimen heated to 1000°C
Thq heating curve showed the same trend as figure 4.18(e) and little

further transformation occurred during the soaking time. On cooling, an
x' of 722°C and a y’ of 653°C was evident. Further cooling showed an
Ms of 547°C and Mf of '477°C.

4.9.7.  Figure 4.18 (g). specimen heated to 1060°C |
The heating curve showed the same pattern as that obtained for 1000°C.

Transformation to new austenite was evident during holding at 1050°C,
again indicating that the heating rate was to fast to allow all austenite
to forlp during the heating. On cooling there is no evidence of a
decomposition of austenite to a-ferrite and only a martensitic
transformation is identifiable. The Ms occurs at 537°C and ends at
458°C.

Table 4.5 presents the transformation temperatures i.e. the As, the
reaustenitisation start temperature and the Af, the reaustenitisatioﬁ
finish temperatured; x', the austenite to a-ferrite start transformation
temperature, and y’, the austenite to a-ferrite finish temperature. Ms,
the martensite transformation start and Mf, the martensite transformation
finish temperature are also - depicted. The microhardness of the
‘martensite formed during cooling and the bulk hardness of the
specimens are also tabulated. '
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The microhardness results show a clear trend of increasing martensitic
hardness as the temperaf.ure is increased thr-ou.gh the dual phase
region. A maximum hardness of 279.1" kgmm-2 being obtained for the
1050°C temperature. '
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Table 4.5 The dilatometrically determined As, Af, M, and M,
temperatures for the hot-rolled and annealed alloy. The
split transformation has been designated the letters "xi"
and "y1". The microhardness of the martensite formed
on cooling is included. ‘ '

4

A : : e

TEMPERATURE | As(°C) | Af(°C) | xL(°c) | yl(°C) | ms(°C) | Mf(°C) | MICROHARDNESS
(%) o < ' (Kgmm=2 )

800 - - 655 615 - - 17148#

835 3' - - 683 636 - - ' 180%7#

870 - - | 683 636 - - 187t6#

%00 848 - 17| ea9 | 587 515 193t12

950 stz | 93z | 731 | 663 575 508 226118

1000 847 | 932 | 722 | 653 547 477 - 238115 -

1050 842 90 | - - 530 455 279420

* microhardness of martensite unless otherwise indicated
. # ferrite microhardness
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FIGURE 4.18 DILATOMETRIC TRACES OF 3CR12 HELD AT VARIOUS
TEMPERATURES FOR A 1 HOUR HOLDING TIME
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Discuesion

| 3CR12 was never found to be fully austenitic. Although an austenite-
start (the As) and an austenite-finish (the Af) temperature were
observed, this did not imply that 3CR12 had become fully austenitic, as
can be seen frqm the microstructures, figures 4.2 - 4'.5.‘ Bection 4. The
high Ms temperature and the fact that martensite forhs during furnace
cooling is indicative of the high hgrdenabi]ity of 3CR12 and hence
austenite is never present at room temperature. The lath martensite
atrucf.ure present is of the same shape, l rize, composition and
distribution as the prior austenite grains and hence information ‘pn the

austenite phase can be obf.ained.

As the intercritical annealing temperature increases through the dual
phase region, so the macrohardness of the apecimén was observed to
increase (see figs.4.5-4.7, section 4.). The volume fraction of austenite
(now martensite), increases as the intercritical temperature increases
uhtil 2900°C, whereupon the volume fraction of martensife (VFM) showed
no further volume increase. The VFM values are obtained by SEM point
counﬁnz techniques (see section 3.7) and hence error would be
expected, but the results relative to each other are reliable ’and
accurate. The increased amount of marteﬁsite could therefore account for
the increased macrohardnéss in the lower regime of figures 4.5-4.7.
After 900°C it appears that the consistent ihcrease in microhardness of
the martensite itself, for all three time durations coneidered, directly
affects the macrohardness. The trends introduced in chapter 1, i.e. a
delineation of two regions namely; an initial region where the increase in
macrohardness is attributed only to the increase of VFM; and then a
second region where the continued increase of macrohardness now is
affected by the increase in the microhardness of austenite (now

martensite), only, seems evident.
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However, as stated previously, the 3CR12 alloy has a very low carbon
concentration. Under equilibrium conditions, it would be expected that
the martenasite transformed in these steels would have a correspondingly
low carbon content and thus at any one temperatgre, the more austenite
formed the lower the overall concéntration of carbon within' the
austenite, i.e. the less the carbon content per grain and hence the
softer the subsequent martensite on coolinQ. This was not observed.
Furthermore, Schafferl? argued that, from the Fe-C diagram, the higher
the transformation temperature in the-dual phase austenite plus ferrite
region, the less carbon will be in solution in the austenite at
equilibrium, while above the Af, fhe austenite can dissolve the same
volume of carbon with increasing temperature. The resulting martensite
formed from higher transformation temperatures would be msofter than
that formed from the lower transformation temperatures and reach a
constant value at temperatures above fhe Af. This however was again,

not observed.

’Because the carbon content of the austenite is fixed by the “intercritical
temperature, the hardenability of the austenite phase varies with
intercritical annealing temperatufe“. Thus at low temperatures where
the carbon content of the austenite is high, see figure 5.1., the
hardenability of the austenite is high. Simiinrly, at high temperatures
where /the carbon content of the austenite is low, the hardenability of
the austenite is low. The graphs of figure 4.5-4.7, section 4, show an
'increase in the hardness of the martensite phase until a Apre—quench
holding temperature of approximately 900°C has been reached,
~ whereupon no further increase is observed. Carbon and nitrogen may
thereforé be the only controlling factor in affecting these properties of
maérohardness, microhardness of the martensite and wvolume fraction of
martensite. However the effects of aubstitutiona_l elements partitioning to

their respective phases cannot be disregarded.
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It has been determined by Schafferi? (see figure 5.2.) that for SCRIZ ét
a temperature of 810°C, the maximum améunt of austenite formed took
approximately 20 hours, whereas at 915°C the maximum amount forms in
less than 10 minutes. Therefore it can be expected that the 1,4, and 20
hours holding times would adequately ailow for the equilibrium situation
to be appfoached and furthermore for pa,rtitic;ning of substitutional

elements to occur.

Speich et al?? discussed the formatidn of austenite in which the starting
. microstructure was a ferrite-pearlite structure. In the early stage,
growth of austenite is controlled by carbon diffusion due to thevlow
diffusivities of the substitutional alloying elements, while in the later
stage growth of ‘austenite is proposed to be controlled by both

substitutional alloying elements and carbon.

Schaffer!” proposed that the formation of austenite in 3CR12 occurred
by a Hultgren type para-equilibrium mechanism. The rate controlling
procesa was the structural change from the body centred cubic crystal

structure of ferrite to the face centred cubic crystal structure of
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g

austenite. He cla.xmed that the reaction was not controlled by long range
dxffusxon, i.e. the partitioning of Ni, Mn and C to austenite occurred

after the crystal atructure had changed.

VOLUME FRACTION AUSTENITE

(V)]

[ 2%

104 i
TIME {(seconds) |

Figure 5.2. The volume fraction of austenite vs. time for the
- . isothermal test temperatures indicated.1

N
~ Thus, it ié proposed that once austenite fbrmat,ion has occurred in
3CR12, the partitioning of substitutional elements would .then occur. The
duration of holding time at an intercritical annealing temperature mght‘
be expected to affect the concentration of these elements and it was
hoped that this' would explain the microhardness values that have been
obtamed in this study.

The results for the substitutional element partitioning obtained in this

study showed a clear partitioning trend occurring; - i.e. the ferrite-
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forming elements; Cr, Si and Ti were partitidning to the ferrite phase
and the austenite-forming elements; Ni and Mn, to the austenite pvhaae.
Taking a température in the dual phase region; e.g., 870°C; the Mn
partitioning coefficient was 1.25 for both the 1 and 4 ho.ur, treatment
and '1.42 for the 20 hour duration. The Ni partitioning coefficients at
870°C were 1.5, 1.4 and 1.8 for the 1,4 and 20 hours respectively.
Schafferl?” obtained .partitioning coefficients for Ni and Mn after 15 and
30 minutes at a temperature of 860°C. These coefficients were effectively
unity for both Ni and Mn for the 15 minute treatment, and 1.24 Ni and
1.11 Mn after ‘30 nﬁnutes. Comparing these p;artitioning coefficients with
those obtained in this study show that although there is a change in
concentration of these elements ﬁ'om 15 minutes to 1 hour, there is little
aighificant change éubsequent to a 1 hour hold. A change of 0.4 for
the Ni values from a 1 hour holding time to a 20 hour ho_l&ing time
could not be considered a real effect in causing the marked increases in

martensite microhardness that have been observed in this study.

The temperature dependence of diffusivity follows the standard
exponential relationship:?t :

Dx = Do exp - Q/RT

where Dx is the diffusion coefficient of the alloying element,X (cms3s-1),
Q the activation energy (kJmol-1),
Do the frequency factor (cm?s-1),
T the temperature (K) and
R the universal gas constant(J/molK).

Using data obtained from table 2.2 section 2.3, the following values were
obtained for Ni diffusing in ferrite and austenite at 800°C And 1000°C
{(from table 2.2., it can be seen that the temperature range for Ni
diffusing in ferrite was 700-900°C, whilst that for Ni diffusing in
austenite was from 930-1050°C. Therefore the values below for Ni
diffusing in ferrite at 800°C and Ni diffusing in austenite at 1000°C



are not entirely correct as the activation energy, Q, and the frequency
factor, Do, &are correct for the above temperature range and not for
those used to obtain the results below. However these values have been
‘used to approximate the type of values for therdiffuaivitiea of Ni at

these temperatures).

Dwi in a (800°C) =2.7 x 102 cm2s-!
Dm in Y (800°C) =2.1 x 1013 cmzsl"1
Dxi in a (1000°C) =3.14 x iO—" cm2g-1
Duw in ¥ (1000°C) =2.5 x 10-12 cmte-!

For a particular temperature, diffusion of both substitutional and
interstitial solutes ‘(see table 2.2 for carbon and nitrogen diffusivity
values) occur much more rapidly in férrite than in austenitel. .This
could be due to the close -packed structure of Y -iron compared to that
of the a-iron. The a-iron, being more loosely-packed responds. more
readily to thermal activation and allows easier passage through the
-structure of wvacancies and associated solute atoms. In all cases, the
activation energy, Q, is less for a particular element diffusing in a-iron,
than it is for the same element diffusing in 7Y -iron. Therefore, at a
particular temperature, the more ferrite in the sample, the easier it
would be for a substitutional element like Ni to diffuse to the austenite
phase and hence the more Ni there should be at that temperature in the
austenite. This would be less feasible at lower temperatures because
thermal activation is not sufficient and diffusion is far more rapid at
higher temperatures. But ét the higher temperatures where &-ferrite
starts to nucleate (according to the equilibrium phase diagrﬁm, figure
2.7.) not only are the effects of elevated temperatures being
experienced, but also the fact that b-ferrite, being a loosely packed
structure can assist the rapid diffusion of substitutional elements to the
austenite. Thus, the effect of the microstructure of this alloy at these
elevated temperatures and the effects of the elevated temperature itself,
allowing for faster diffusivities of substitutional elements, would seem to

indicate that a greater concentration of substitutional elements should
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be evident in the austenite phase at these temperatureé. This however
is not apparent. The concentration of substitutional eiements,
irrespeciive of whether a low or high temperature in the dual phase
region was studied, have the same values for both ferrite and austenite

phases with respect to these phases at other temperatures.

Generally, the Ti V values vary considerably from one temperature to
another (see table 4.1., section 4.). EDS analysis showed that there ié_
free Ti in solution. However, dissolution of Titanium Carbonitrides
should not occur within the temperature range used in these set of
experiments.10 Chauhan? showed that heating at 1300°C for 3 hours
produced no change in the volume fraction of Titanium Carbonitrides
and furthermore, heating up to 6 hours showéd no dissolution of

Titanium Carbonitrides to occur in 3CR12.

From figure 5.3, it can be seen that the limit of solubility of titanium
carbides in stainless steels for between 0.01 and 0.02 wt¥ C occurs
between the approximate temperatures of 900°C and 1000°C. (It is not
known exactly the content of free carbon in solution in 3CR12 due to
the gettering effect of Ti, but for a 0.01 - 0.02 wtX C alloy, it is
apparent that titanium carbides go into solution between the above
stated temperatures). Therefore, although titanium carbonitrides are not
dissolving, titanium carbides which exist® in 3CR12 do dissolve and
could account for the amount of free Ti observed. Precipitation of
titanium carbides will reduce the matrix carbon content. This could
explain the microhardness results; i.e. below 900°C, the microhardness
values are considerably lower than above this temperature. By reduéinﬁ
the matrix carbon, there is less carbon to partition to austenite during
annealing and hence the subsequent martensite formed would reflect this
in the microhardness values. Above s 900°C, titanium carbides ‘g0 into
solution, according to the diagram, figure 6.3., and free Ti and carbon
become available, which again, is indicated by the microhardness values
obtained. '
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The amount of Ti necessary for effective stabilisation is four times the
carbon concentration (both expressed as wt%). However, this simple
repreaenfation does not take the effect of heat treatment and the
presence of nitrogen into account. One empirical formula that does ‘t.ake

these effects into account is;:¢4

combined carbon = f (Ti - 3.43 (N - 0.01))

4
where f is a factor which depends on the heat treatment, and
3.43, the coéfficient for the nitrogen term, is the stoichiometric

relation between Ti and N.

These formulae are important in the dévelopment and improvement 6f all
types of a]loya as, in principle, it is requlred to have sufficient Ti so

that all the ca.rbon is "combined ca.rbon.
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Figure 5.3 The solubility of Titanium Carbide in 321 stainless steelstt

‘Titanium Carbonitrides in 3CR12 have been sh’own‘ to predominantly
consist of more nitrogen than carbon (see reference 10). Furthermore,
Titanium Nitrides have been found to withstand temperatures reaching at

least 1250°C!® and do not dissolve at these temperatures. Thus it seems
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unlikely that dissolution of Titanium Carbonitrides would ~occur at the

temperatures considered in this study of 3CR12.

From empirical evidence, Follastaedt®® demonstrated that titanium
implanted in a-Fe getters carbon upon post-implantation annealing and
precipitates as titanium carbides near the surface of the sample. At
800°C he noticed an increase in the size of the titanium carbides for
increasing annealing times between 1-64 hours. Two factors were
thought to govern the transport of titanium by substitutional diffusion
in the iron matrix between precipitates, viz. the solid solubility of
titanium in eﬁuilibrium, with titanium carbides and the tita‘hium
diffusivity. At éGO'C ripening occurred prior to 1 hour and was then
followed by a decrease in precipitate size due to ‘dissolution and
diffusion of titanium into the 'underlying bulk material. This indicates
further that free Ti, from Titanium Carbides going into solution, is
liberated at temperatures of 2860°C.

It haﬁ been established so far, that although partitioning of
substitutional elements occurs the concentration of these elements
neither changes appreciably as a function of temperature nor as a
function of holding tiine. It can be postulated that there are sufficient
interstitials in solution to cause the martensite microhardness values to
increase above 900°C; i.e. C and N are actively diffusing to austenite
grains. The relationship between bulk hardhess and volume fraction
martensite are thus such that the original increase in bulk hardness is
att.ributaﬁle _to the increased volume fraction of martensite and the grain
refinirlxg‘ effect that the nucleatioq of new .austanite has within the dual-
phase region. Initially, the ferrite grains are unrefined and relatively
large encompassing, at room temperature, isolated islands of martensite.
With increasing volume fraction martensite the presence of martensite
becomes moi'e universal - within the grain structure and as such the
grain refining effect becomes common to the entire microstructure. Thus

the increase in hardness can be partially attributed to a decrease in
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férrite graih size wgether with an increa‘se"in the dislocation density.
With the higher volumé fraction of martensite levelq, the areas of
dislocation activity surrounding martensite grains ‘begin to interact.
Subsequently, once no more austenite forms, the furthéf increase ‘ir;
martensite hé.rdnesa is attributed to the increase in carbon golubility in

austenite with increasing annealing temperature.

It can aiao ~be postulated that, as the solubilit;y of carbon in }au'stenite
increases with- increasingly elev;ated temperatures, at the lower
temperatures not all thé available carbon is being dissolved in the
austenite and for the given experimental conditions it would seem that
below =x800°C there is little change in this solubility. Above this
tgmperat\ire the amount of carbon which can dissolve in austenite is
significantly increased. An increase in the carbon content of the
austenite then causes a corresponding increase in the hardness of the .

transformed martensite.

A paraequilibrium situation seems relevant to 3CR12. Substitutional
elements are partitioning to their respective phases but the patt.itionix)g '
coefficients are remainﬁm constant irrespective of changing intercritical
tempefatures and holding durations being increased. Thus it would _
appear that equilibrium between the ferrite and austenite phases is only
established with respect to carbon and nitrogen and not with respect to
the substitutional elements.

-
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5.1.  Partitioning trends observed in the prior and final state of the as
received hot-rolled and annealed sample |

The departure from equilibrium can be effected by altering the

solidification rate, the cooling rate subsequent to solidification and /or

modifying the chemical composition. Whichever the effect, it can result ‘in

§-ferrite remaining in the microstructure at room temperaturess,

The solidification morphologies of the as cast structures studied in this
work are shown in figures 4.14 (a), (b) and 4.156 (a) and (b). Figure 4.14
(a) shows the macroscopic solidification morphology of the edge -sample
of the as cast slab whilst that of figui‘e 4.14 (b), the morphology oi’ . the
central area of this slab. Castings frequently exhibit a columnar-to-
equiaxed grain transition during solidificatiori; i.e. columnar grains
growing inward from the mould wall and a central equiaxed zone. Figure
4.‘14 (a) shows t»hia large columnar zone which then grows inwards

towards those equiaxed grains depicted in figure 4.14 (b).

For relatively rapid cooling the 8-ferrite to austenite tranaformation has
been alternatively referred to as producing a Widmanstati.en or acicular
morphology®. Figure 4.15 (a) and (b) show this morphology, although
this is more clearly represented in the former. This Widmanstatten
structure has been described as a thermally activated and diffusion
controlled reaction in thch an orientation relationship between the
parent and product phases is established®s. At slower cooling rates the
mode of G§-ferrite to austenite transformation has been termed
"equiaxial". Figure 4.15 (b) shows this morphology although the
magnification might be too high for absolute clarity of the shape' of
these grains. Figure 4.14 (b) show the equiaxial grains moi-e clearly.

The morphology of figure 4.14 (a) and 4.15 (a) have resulted from a
rapid cool and not a slow cool, as indicated by the results tabulated in
table 4.1 of the substitutional element partitioning values. These results,
(i.e. those from alloy III, sample CI) show that the resulting structure
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has formed from a Cr enriched and Ni depleted composition with respect
to the bulk 3CR12 composition (figure ‘2.7, section 2.2.2) ie.
substitutional elemental partitioning values obtained are the same for
both the §-ferrite and austenite phases. The cooling rate is far too
rapid for these elements to partition. Thus the‘ transformation of §-
ferrite to austenite, being a diffusion controlled transformation occurs

as a result of interstitial diffusion only.

The central area of the slab , depicted in figure 4.14 (b) and 4.15 (b)
shows that progressive growth of austenite into the primary 6-ferrite
has occurred. According to the values obtained for the substitutional
elements at this stage, (see table 4.2., sample CII), the partitioning of
these elements now shows a composition gimilar to that of the bulk
3CR12 equilibrium composition. This further transformation of 8-ferrite
to austenite is as a result now of not only interstitial diffusion, but also
of substitutional duffusion as a result of the cooling of the material
being sufficiently slow to allow for these elements to diffuse. Further
Begregation of ferrite-forming elements to the 8-ferrite would further
stabilise this structure against any further tranaformation. Furthermore,
it has been postulated®® that a certain point is reached after which the
driving force for further transformation of 8-ferrite to austenite is no
longer sufficiently strong for the reaction to occur and is proposed as
being due to a combination of the pértitioning effects on the two phases
and the decrease in diffusivity. This results in a stable residual 8§-

ferrite being present at room temperature.

The Titanium results, (see table 4.3 section 4), indicate that although
Titanium Carbonitrides form in the melt (see previous section) 'there
appears to be a "melt-flow" effect. This means that during the pouring
of the melt into the ingots, the Titanium Carbonitrides that have formed
flow to the centre of the melt and result in an inhomogenous Titanium
Carbide distribution in the as cast microstructure. The titanium values
show a titanium-depleted zone at the edge of the as cast structure and

a titanium rich zone towards the centre,
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The hot rolled material, (figures 4.16 (a) and (b)), show residual §-
ferrite (as identified by Knutsenl®) and martensite parallel to the rolling
direction. The microanalyses of these areas, (i.e. samples Bl and BIJ,
tabulated in table 4.2), show a subatitutional elemental composition
accordingA to the equilibrium phase diagram for the bulk 3CR12
composition. From the thermal history, (figure 2.6) the cast slabs, once
cooled to room temperature, are then reheated to 1200°'C where they
remain for a maximum of 8 hours. This allows for a continuat;ion of
subatitutionﬂ elemental partitioning to occur. This structure is then hot
rolled‘ with a final roll pass occurring at a temperature of 850°C.
Schaffer!? showed, figﬁre 2.8.,, that above 800°C no transformation of
austenite to a-ferrite would occur. According to this diagram no
transformation of austenite to a-ferrite would be expected to occur
during this hot- rolling procedure. The substitutional element partitioning
values for the hot rolled structure show an equilibrium composition of

the bulk 3CR12 composition.

The further and final treatment of the alloy, i.e. cooling and annealing
at x750-780°C, occurs in the a-ferrite region of the phase diagram. The
martensite is tempered and the final st.ruct;xre is a mixture of ferrite
and tempered martensite. However, the ferrite is of two origins; new
nucleated a-ferrite grains from the austenite and residual §-ferrite.
From the results (table 4.2, samples AI and AIl ) the two types are
further indicated by their differences in composition. The residual §-
ferrite being richer in fer'rite-forining elements than the transformed a-
ferrite. It would therefore appear that the §-ferrite phase remains in -
the material in spite of the treatments the matez;ial | undergoes in the
commercial production route. This phase becomes richer in ferrite-

forming elements and has been termed "residual §-ferrite"19,

From the results obtained it is apparent that substitutional elements are
not in fact contributing to the microhardness of the martensite, and that

carbon and nitrogen appear to be responsible for the hardness effects.

&
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Thus in order to clarify this, dilatometry was performed in Aorder to
ascertain whether any changes were observed in the Ms, the martensite
start ‘temperature. This was decided as a result of the knowledge that
many elements cause increased austenite stability, and thus lowér the
transformation temperature on cooling. As it has ‘been established that
substitutional elements in this' alloy are not likely to cause any change
in this transformation temperature; if any "changes were observed
through dilatometry, it could therefore be postula»ted‘ as being a result
of inters‘titial concentrations only;
v ,
There are two systematic effecte that appear as the carbon content of a

steel is increased:ss

1.  The effect of dissolved carbon in making austenite stable at lower
| temperatures is reflected in .progreasively,lower temperatures for
martensite formation as the carbon and nitrogen content increases.
This is evident in figure 5.4, below. 3CR12 nevexr'v has sufficient
carbon rto a.uow for retained austenite to be present, however,

the effect of these interst‘itia.l's in solution in _the‘ austenite should

be .refleg&oed by their effect on the Ms transformation temperature.
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Figure 5.4. Variation of Ms and Mr Temperatures with Carbon content

of plain-carbon steels.5?



2. Since all the carbon originally present in the austenite is retained
in martensite produced from it, th‘e extent to which the tetragonal
unit cell of max('tensite departs from cubic symmetry is a direct
function of the carbon content of the steel. Thus, a low-carbon
martensite is so little distorted by the presence of carbon fhat the
axial ratio of its unit cell is almost unity and such a martensite
closely approaches ferrite in both structure and,properties“. As
the éarbon " content increases, so does the axial ratio of the
martensite, and this increasing structural distortion is reflected in’
increases in har;iness, strength and brittleness. Figure 5.5.

illustrates the hardness curve.
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Figure 5.5. Effect of Carbon content of Martensite upon its
hardness.¢2 ‘

A split transformation was observed in the dilatometry traces obtained.
These have been designated x' and y’, see section 4, figures 4.18 (a)-
(g); where x’ represents the temperéture where some austenite starts to
transform back to ferrite, and y’ where this transformation ends. The
austenite to martensite transformation is directly dependent upon thé
temperature and almost independent of the time during which the steel
iAs held at temperature. Thus ell specimens y}ere held at temperature for

1 hour.
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' From the .dilatometry results it can be seen that for the f.empefatures
800°C, 835°C and 870°C the austenite formed is able to transform to a-
ferx;ite‘durir_lg the furnace cool. The 900°C, 950°C and '1000°C results
show that some austenite transforms to a—feri'ite during cooling and an
Ms temperature is also observed. At 1050’C no a-ferrite forms during
'cooling. The réqults show the Ms 'temperaturea to’be decreasing as the
holding tempefaturev increases. A maximum Ms of 587°C for .tfxe specimen
held at 900°C co:hpared to and Ms of 458°C for that at 1050°C indicates
this. Thus a lowering of the transformation temperature is evident.
These results indicate that the austenite compositions formed during the
‘heating must be different for the various temperatures. This is further
substantiated by the fact that the hardness of the martensite increases
through the temperature range. This differenqe in the microhardness
therefore strongly suggests that the interstitial elements are actively
diffusing to the austenite during the heating and holding process, and
it is the concentration of Qh_e_q_e_ elements that is causing the observed

effects.
.



CHAPTER 6

ot NG s e 4

Congclugions

‘This study has led to thg following conclusions:

1.

2.

3.

The observed trehd, i.e. that of increasing macrohardness in the
dual phase region, was initially attributed to the effect of an
increasing volume fraction of martensite. Subsequent increases
were then attributed to increased interstitial concentfati'ons, due
their greater solubility at higher temperatures, which was evident
in the increasing microhardness of the martenaite. This was
further confirmed by dilatometry. These results indicated that

holding the steel at various temperatures in the dual phase region

" and the subsequent furnace «cool, allowed for different

transformations of austenite to occur. The higher the holding
temperature the lower the Ms temperature on cooling. Thus
implying that the stability of austenite increased due to. the
increased interstitial concentrations. This was further confirmed

by'the microhardness of the martensite itself.

Substitutional element partitioning occurred during the heat
tfaatmenf, with the ferrite-forming elements, namely, Cr, Ti and Si
partitioning to the ferrite phase, and the austenite-forming
elements, Ni and Mn to the austenite phase. However, no significant
changes in partitioning trends were obaerved despite extended
holding durations. Therefore, the trends obtained by Brink* and
Schafterl7 and further confirmed in this study must be due to the
behaviour of the interstitial elements.

The 3CR12 alloy used in this study did not become fully austenitic.
Small ferrite grains were present at temperatures above the Af.



4.

5.

6.

7.

8
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The incomplete &-ferrite to austenite transformation resulted in
retained §-ferrite and martensite at room temperaturé as a banded

microstructure in the hot-rolled state.

The diffusion controlled transformation from 8-ferrite to austenite

resulted in the partitionin_g of ferrite-forming and austenite—forming ,

 elements t.o their respective phases.

During the solidification process, aegrqgation occurs. The areas
closest to the chill region are Cr-enriched and Ni-depleted with
respect to the bulk 3CR12 composition. However, the central area of
the as cast slab showed a different degree of partitioning and
solidification of a bulk 3CR12 compoaition fegulted.

The partitioning of substitutional elements becomes "fixed" during

the rolling process. During the preheét prior to the rolling process

'(i.é. %1150°C) a greater aireraging of composition across the slab

occixrh and during the rolling process the §-ferrite and martensite
phases become "banded" parallel to the rolling direction. The last
hot roll occurs at =850°C and partitioning is "fixed” in this

process, as no transformation to a-ferrite occurs ~at this

temperature and residual §-ferrite from the high temperature

treatments remains in the material.’

It has been eatabliahefl that partitioning occurs through the '
vertical section of the commercially produced slab of 3CR12,
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APPENDIX A
Table 1.1: Bulk hardness, microhardness and volume fraction of
martensite after a 1 hour anneal and oil quench, for
various temperatures. Prior state was the hot-rolled
and annealed condition. '
TEMPERATURE | BULK 'MICROHARDNESS (KGMM™2) | VOLUME FRACTION
(°c) HARDNESS | MARTENSITE FERRITE MARTENSITE (%)
(HV30)
815 145.6%2.3 19.4 t 3.9
823 220 t 20 218 t 9
835 161.51.2 | 225 t 18 o 24.9 £ 5.1
843 229 t 17 236 * 16
870 198.8+3.2 | 269 * 9 64.3 t 5.5
882 ' 270 t 10
900 205.414.0 368 t 24 257 t 39 70.1 t 5.6
950 221.2%3.5 408 t 22 259 t 28 72.0 t 5.6
1000 237.813.2 418 + 18 279 t 40 76.4 £ 8.1
1050 251.8+2.2 410 t 15 287 t 28 70.0 t 6.6
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* APPENDIX A

Table 1.2: -  Bulk hardness, microhardness and volume fraction of
. martensite after a 4 hour anneal and oil quench, for
various temperatures. Prior state was the hot-rolled -
and annealed condition. - S
TEMPERATURE | BULK MICROHARDNESS (KGMM 2) | VOLUME FRACTION
(°C) HARDNESS | MARTENSITE , FERRITE MARTENSITE (%)
~ (HV30) - .
800 140.1t1.8 , 193.t 6
815 153.4+1.23| 248 t 10 | 205 +9- | 38.5 t 6.4
835 | 171.5t1.9 | 251t 8 | 195t 17 | 53.6 t 7.3
870 196.0%2.3 | 264 + 13 | 248 £ 17 | 56.1 t 7.8
900 - | 211.5%5.9 | 312 t 20 228 t 27 | 66.1t 5.9
950 | 225.9t3.5 | 346 t 18 242 £ 12 | 77.9 t 7.0
1000 ' 235.5#3.9 | 362 t 24 | 270 £ 17 | 76.0 + 7.0
1050 243.547.1 | 360 t 21 | 261 t 19 70.0 t 7.6
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APPENDIX A
Table 1.3: Bulk hardness, microhardness and volume fraction of
martensite after a 20 hour anneal and oil quench,
for various temperatures. Prior state was the hot-
rolled and annealed condition. :
TEMPERATURE | BULK MICROHARDNESS (KGMM~2) | VOLUME FRACTION
(“C) HARDNESS | MARTENSITE  FERRITE MARTENSITE (%)
(HV30)
815 163.0%1.9 245 t 7 38.1 t 4.4
835 174.111.3 241'1-10 207 i‘14 v47.8 t 5.6
870 194.0i2.0. 237 t 21 214 11 61.3 £ 6.4
900 ' 203.512.1 365 t 23 233 t 32 62.5 t 5.2
950 223.7t9.3 396 t 18 235 t 16 67.8 t 5.6
1000 248.3$2.3 | 408 t 10 | , 63.7 + 7.4
1050 1 257.0t6.6 412 * 10 | 215 t 22 68.1 t 5.4
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