Fig. 7.11 Enlarged image of Fig. 7.4, indicating the region where bainitic ferrite appears to grow

directly from the allotriomorphic ferrite.
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Chapter 8

Stress and the Acicular Ferrite Transformation

8.1 Introduction

In spite of the microstructural differences, there is considerable evidence that acicular
ferrite and bainite have similar transformation mechanisms. The microstructures differ only
because of their nuéleation site. Some of the similarities between bainite and acicular ferrite
were summarised in section 1.2.6. In addition, results of previous chapters indicated following;
1. Both reactions stop when the austenite carbon concentration reaches a value where it

becomes thermodynamically impossible to achieve diffusionless growth (chapter 4).

2. Acicular ferrite only forms below the bainite-start temperature.
3. The elimination of austenite grain surfaces by covering them with inert allotriomorphic
ferrite leads to a transition from a bainitic to an acicular ferritic microstructure (chaptes4

& 5).

Transformation to both acicular ferrite and bainite causes displacements which are characterised
as invariant—plane strains with large shear components (Fig. 8.1). Consequently, the growth of
a plate of acicular ferrite or bainite is confined to a single austenite grain (i.e., it is hindered
by a grain boundary) since the coordinated movement of atoms implied by the shape change
cannot, in general, be sustained across a border between grains in different crystallographic
orientations. A further implication is that plates of acicular ferrite, like bainite, always have
an orientation relationship with the parent phase which is within the Bain region. This is not

necessarily the case when the transformation occurs by a reconstructive mechanism.

It is this last characteristic, the invariant-plane strain shape deformation, which forms the
basis of the present investigation. Such a transformation is displacive, and can be regarded
as a deformation mode which in addition to accomplishing a shape change, also alters the
nature of the lattice. During transformation induced by a decrease in temperature, it is the
chemical driving force which causes the deformation. However, the application of an appropriate
external stress can provide a mechanical driving force which stimulates transformation without
the need to undercool. Such effects are well established for bainite, where a tensile stress favours
the development of crystallographic variants whose shape deformations comply most with the
applied stress.

The purpose of this investigation is to verify the existence of a similar effect for acicular
ferrite. As will be seen later, the specific kind of stress response investigated provides good

evidence for the displacive mechanism of the transformation. Acicular ferrite is a prominent
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phase in steel weld metals (primarily because they contain nucleating inclusions). There is a
possibility that the residual stresses associated with welding may influence the development of
the acicular ferrite microstructure.

The only previous study on the relationship between stress and acicular ferrite in mixed
microstructures, is by Dallam and Olson (1989). The stress was mostly generated by cooling
constrained samples, the transformation being followed by monitoring the sample diameter.
Dallam and Olson concluded that there is little influence on the volume fraction of acicular
ferrite.

As discussed later, a much more sensitive method of following stress—affected displacive
transformation is to monitor the transformation strains along more than one direction (Bhadeshia

et al., 1991).

8.2 EXPERIMENTAL METHOD

Alloy 77 is chosen for this study. The welding conditions and the final deposit chemistry are
listed in Table 2.1 and Table 2.2. The weld metal, in the as deposited conditions transforms to
a bainitic microstructure, in spite of the presence of numerous inclusions of the kind necessary
to nucleate acicular ferrite. This is because, in the absence of any allotriomorphic ferrite at
the austenite grain boundaries, the boundaries are free to nucleate bainite which forms at
an overwhelming rate and succeeds in stifling the intragranular formation of acicular ferrite.
By reheating the weld metal and then partially transforming the austenite at an intermediate
temperature (T;) to form a thin, uniform layer of allotriomorphic ferrite at the austenite grain
surfaces grain boundary nucleation of bainite can be stifled. Thereby - the remainder
of the austenite  transforms to intragranularly nucleated bainite as the alloy is held at a
temperature (7,) below the bainite-start (Bg) temperature (chapter 4).

This two-stage heat treatment (Fig. 8.2) provides a convenient way of generating an acicu-
lar ferrite microstructure in a controlled manner. The calculated transformation temperatures
in chapter 5 are taken as an aid to the design of the heat treatment (Table 8.1). The calculation
methods have been discussed before.

The heat treatment can easily be carried out in the Formaster thermomechanical simulator
used in the present studies. The machine is equipped to simultaneously monitor and record the
diameteral (4£) and longitudinal strains (4%), in addition to time, temperature and load data.
It can be programmed to automatically carry out the specified thermomechanical treatments.
The samples were in the form of 8 mm diameter cylinders 12 mm in length, made from the
weld metal by rolling, swaging and machining (Fig. 2.4). The specimen preparation has been
presented in chapter 2. The simulator experiments were carried out with the specimen chamber

filled with argon. The rapid temperature changes needed between T} and T,, and between T,
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Table 8.1 Calculated transformation data for alloy 77.

Aey 828 °C
Wy 680 °C
By 546 °C
M 427 °C

and ambient temperature were achieved using argon gas jets. Since the equipment is fully
capable of monitoring the transformation during these rapid changes, it was confirmed that
no reaction occurred during the gas quenching process, so that all the transformation could
be attributed to isothermal reaction at Ty and T,. The thermomechanically treated samples
were examined in both their transverse and longitudinal sections using the usual metallographic
techniques. The austenite grain sizes were determined to be 151 + 23 pm, defined as the mean

lineal intercept of random test lines superimposed on the microstructure.

8.2.1 The Applied Stress

The stress was only applied the instant the sample reached T?, in order to influence the
development of acicular ferrite. It was intended in this work to limit the applied stress to a
value below the yield strength of austenite. Any plastic deformation can complicate interpre-
tation because the resulting defect structure can either assist or interfere with the progress of
transformation. Published data on the yield strength of austenite as a function of temperature
(Fig. 8.3) were extrapolated to estimate its yield strength to be approximately 500 MPa over
the temperature range 500-550 °C. Even if the extrapolation is unjustified, the yield strength
cannot be less than about 200 MPa, which corresponds to experimental data from 750 °C
(Fig. 8.3). Consequently, the experiments were carried out at two load levels, both of which
should be well below the austenite yield strength at T): the chosen loads correspond to stress
levels of 116 and 174 MPa. The results of these experiments should be compared against trans-
formation without the influence of any applied stress. However, under the conditions of the
experiments, the longitudinal strain cannot be recorded unless a small stress of about 12 MPa
is applied, since the cross head uses this signal to follow the dimensional changes in that direc-
tion. Consequently, the “zero stress” experiments described here in fact were carried out with
the 12 MPa stress during transformation. The details of the actual experiments are listed in
Table 8.2; the calculated time-temperature-transformation diagram presented in Fig. 6.1 (for
alloy 77) confirms that the transformation temperatures are chosen to first cause the growth of

allotriomorphic ferrite and then of acicular ferrite.
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Table 8.2 Heat Treatment Schedule of the experiments. In each case the austenitisation heat
treatment was carried out at 1150 °C for 10 minutes. The stress was applied immediately after
the sample reached T},. t, and t, are the time periods spent by the sample at the temperatures T}
and T, respectively. The prefix “ST” on the specimen identification indicates transformation
under the influence of a large stress which is nevertheless below the yield strength of the

austenite and “NST” corresponds to the no stress experiment (see text).

Identification T,°C/t; s T,°C/ ty s Stress MPa
NSTO 660 / 120 530 / 300 12

NST1 660 / 120 500 / 300 12

NST2 660 / 120 500 / 300 12

ST1 660 / 60 530 / 300 116

ST2 660 / 120 | 530 / 300 116

ST3 660 / 120 530 / 300 174

ST4 660 / 120 500 / 300 116

8.3 Results and Discussion

8.8.1 The Microstructure

Throughout these experiments, it was our aim to demonstrate a clear effect of stress. The
clarity of microstructural changes can be maximised by only partially transforming the austenite
to acicular ferrite, and allowing the remainder to decompose by a martensitic transformation
during the quench to amhient temperature. Two transformation temperatures were therefore
studied, both qﬁite close to the calculated Bg temperature (546 °C). This ensures that the
amount of acicular ferrite that forms is limited, because that amount increases from zero at Bg
to a quantity determined by the T} curve of the phase diagram as the temperature is reduced
below Bg.

Specimens NSTO and NST1 which are from the zero stress experiments showed similar
microstructures, NST1 having a larger quantity of acicular ferrite, as expected from its lower
T, transformation temperature. The microstructure of NST1 is illustrated in Fig. 8.4a. It
reveals the thin continuous layer of allotriomorphic ferrite which grew and covered the austenite
grain boundaries at T}; in addition, there is the intragranularly nucleated acicular ferrite which
formed at T,. The acicular ferrite microstructure is as expected in normal welds, with plates

pointing along many directions. Sample NST2 represents a repeat of the treatment given to
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NST1. It was used for confirmation of the experimental method during the initial work when
the experimental scheme was being designed. Its microstructure was found to be identical to
that of NST1.

Fig. 8.4b—e are longitudinal sections of samples ST1-4; the direction of the applied stress
is indicated on each of the micrographs. All of these experiments reveal a dramatic change
in the microstructure when the acicular ferrite forms under the influence of the applied stress.
The number of crystallographic variants per grain is reduced drastically and there is a strong
tendency for the plates that do grow to align within any given prior austenite grain.

These results are easily understood once it is accepted that acicular ferrite growth leads to
an invariant-plane strain (IPS) change in the transformed region (Strangwood and Bhadeshia,
1987a). A uniaxial compressive stress will oppose the dilatational component of this IPS (Patel
and Cohen, 1953), but the shear component will interact favourably. Since the shear component
is much larger than the dilatational strain, the overall interaction of the shape change with the
strain can be favourable. The compressive stress resolves to give maximum shear stresses on
planes which lie at 45 ° to the stress axis. Given that the samples used are polycrystalline, it is
only by fortuitous circumstance that the crystallographic orientation of a particular austenite
grain permits acicular ferrite to form on these planes of maximum shear stress. Nevertheless,
acicular ferrite variants which happen to be most parallel to those planes are expected to be
favoured by the stress, and will form preferentially. This is what leads to the development of the
aligned microstructure illustrated in Fig. 8.4b—e. It is noteworthy that there are in principle up
to 24 different crystallographic variants of acicular ferrite possible within each austenite grain.
Of these, it is likely that one or more may lie fairly close to the 45 ° orientation. Indeed, it is
easy to see from Fig. 8.4b—e that the acicular ferrite plates that grow tend to lie fairly close to
the optimum orientation.} A

One further observation is relevant; Fig. 8.5 shows higher magnification images of samples
NST1 and ST2. It is evident that acicular ferrite tends not to form in the regions of austenite
adjacent to the allotriomorphs of ferrite. This is exactly as predicted by theory, that the
partitioning of carbon during the growth of the allotriomorphs enriches the adjacent austenite
which consequently becomes more stable to transformation when compared with unaffected

austenite.

8.3.2 The Transformation Strains

Given the nature of the invariant-plane strain shape change (Fig. 8.1), the transformation

strain can only be isotropic if the effects of many different randomly orientation crystallographic

T In fact, although the plane of maximum shear stress is at 45 degrees to the stress axis, the most favoured plane is
calculated by also taking into account the dilatational component of the IPS. However, since that component is rather

small, 45 degrees is a good approximation for the optimum orientation.
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variants are averaged. The shear components would then tend to cancel out, and the dilatational
component of the shape change would appear to be like a uniform volume expansion instead
of a uniaxial strain normal to the habit plane. This kind of behaviour might be expected in a
random, fine grained polycrystalline sample of austenite.

However, if the sample is crystallographically textured, or if the variants do not form
at random, then the transformation strain cannot be isotropic, and the net strain along any
particular direction may contain contributions from both the shear and dilatational terms. It
then becomes possible to detect transformation plasticity as well as volume change.

The strain measurements are presented in Fig. 8.6. In the absence of stress or crystallo-
graphic texture, both the longitudinal and radial strains are expected to be positive since only
the volume change is detected. As is seen from 8.6, this is true during the initial stages of
transformation (NST1, NST2), but not in the later stages, probably because of the small stress
of 12 MPa used for these samples, but possibly also because of crystallographic texture in the
samples.

For all other samples (ST1-4), the longitudinal strain is always negative as the specimen
transforms in a manner which tends to accommodate the applied compressive stress, whereas
the radial strains are all positive. The experiments provide impressive proof of the shape
deformation accompanying the displacive growth of acicular ferrite. It would be impossible to
explain both the magnitude and signs of the strains detected on the basis of a reconstructive
transformation mechanism.

More detailed interpretations of these data require methods of accurately deconvoluting the
measured strains into the volume change and transformation plasticity terms. That problem is

currently under investigation.

8.4 Conclusions

It is found that the acicular ferrite microstructure responds to stresses below the yield
strength of the austenite. The response is in fact quite remarkable, the stress favouring the
development of specific crystallographic variants. This leads to a destruction of the conven-
tional acicular ferrite structure in which the plates emanating from inclusions point in many
different directions. Apart from these microstructural changes, the measured strains during
transformation under the influence of stress give conclusive proof for the shape deformation

and displacive mechanism of acicular ferrite growth.
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GENERAL
ISOTROPIC INVARIANT-PLANE
EXPANSION STRAIN

Fig. 8.1 Schematic explanation of shape changes due to isotropic volume change and a general
invariant plane strain. The invariant plane strain in austenite to displacive ferrite products

involve shear and a dilatational component (Bhadeshia et al., 1991).
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Fig. 8.3 Variation of yield strength as a function of temperature. The graph also contains two
extrapolation curves in estimating the yield strength of austenite at around 500 - 550 °C.

The experimental data points are for a Nb-V microalloyed steel (Weiss et al., 1981).
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'

.4 Microstructure observed in no stress experiments and stressed samples. For each case there
are two microstructures corresponding to the transverse and longitudinal directions. The
arrows in the longitudinal section micrographs indicate the stress direction. The details

and the heat treatments are given in the Table 8.2; {a) NSTI.
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Chapter 9

Effect of Cobalt on Fe-Cr-Mo-C Weld Deposits

9.1 Introduction

The present research project was initiated to explain the transition from acicular ferrite
to bainite in Fe-Cr-C welds. The introduction of thin allotriomorphic ferrite layers on the
austenite grain boundaries has been demonstrated to optimise the opportunity for the formation
of acicular ferrite (chapters 4,5& 6). The problem with the 2.25Cr-1Mo (wt.%) welds widely
used in industry is that it is important to cool them at rates which allow the formation of
allotriomorphic ferrite. The aim of the work presented in this chapter was to introduce the
formation of allotriomorphic ferrite by appropriate alloying. Suitable alloying additions are Al,
Si and Co, all of which reduce the stability of austenite (Aaronson and Domain, 1966). Silicon
is not, however, desirable from the toughness point of view, whereas a large concentration of
aluminium cannot be transferred across the welding arc because of its strong oxidising potential.

Consequently, cobalt was chosen to reduce the hardenability.

9.2 Design of Welds

The weld microstructure model developed by Bhadeshia et al., (1985), as introduced in
chapter 1, is based on the paraequilibrium thermodynamics for the calculation of phase diagrams
and TTT diagrams. The alloying additions bring about the change in thermodynamics by:

1. The free energy for transformation from austenite to ferrite in alloyed iron, namely AGE,®
is modified. The alloying additions modify the magnetic and non magnetic component of

free energy vs temperature curves, a concept due to Zener (1955).

2. The carbon activity in austenite is influenced by substitutional alloying additions and this is

accounted for, by altering the pairwise carbon-carbon interaction energy (w,) in austenite.

Aaronson et al., (1966b) represented the free energy change for the austenite Fe-X alloy trans-

forming to ferrite with the same composition by the following equation (Bhadeshia, 1982a):

AG}:G = AOG}?G{T - 100 Z Yi(ATmag)i} + 141 Z Yi(ATmag - ATnon.mag)i (91)
i=1

i=1

Here the curly brackets represent a functional relation. AT,y AT, n may are the displacements
in the temperature at which the respective free energy change accompanying austenite to ferrite
in pure iron are calculated, in order to account for the changes in magnetic and non magnetic

free energy components. The values of (AT, , ); and (AT, ); tabulated in the work of

non.mag
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Table 9.1. The magnitudes of AT, & AT, . for various substitutional alloying additions.

non.mag mag
Element AT, on.mag AT, 0y
°C per at. % X °C per at. % X
Si 0.0 -3.0
Mn -39.5 -37.5
Ni -18.0 -6.0
Mo -17.0 -26.0
Cr -18.0 -19.0
\% -32.0 -44.0
Co 16.0 19.5
Cu -11.5 -4.5
Al +15.0 8.0
w -17.0 -26.0

Zener (1955) and Aaronson et al., (1966b) were taken for the calculations (Table 9.1) and ¥; is
the mole fraction of ith substitutional alloying addition disregarding the presence of carbon.

The alloying elements affect the carbon-carbon (w, ) interaction energies in the austenite,
which modifies the activity of carbon. The variations of w, with atom fractions of substitu-
tional alloying elements can be calculated as presented in the references (Aaronson et al., ,
1966b, Bhadeshia, 1981c) and were represented as a polynomial equation. The variation of w,
with atom fraction of cobalt derived by Bhadeshia (1981c) was adopted to present calculations
(Figure 9.1).

The model after the above modification predicted a shift of reconstructive transformation
to allotriomorphic ferrite to a shorter times, as seen in TTT diagrams. The TTT diagrams will
be presented later, together with measured data. The cobalt containing alloy (AM1, 4.3 wt. %

Co) was compared with one without cobalt (Al).

9.3 Experimentation

The procedure for all-weld metal test pieces has been explained in chapter 2. The welding
variables and detailed weld compositions (Al - 0.0 wt.% Co and AMI1 - 4.3 wt.% Co) are
presented in Tables 2.1 & 2.2. The columnar austenite grain sizes (L,,,) were measured and were
found to be 105 + 21 and 95 £ 15 pm. This difference was considered to be insignificant. The
austenitisation conditions were 1150 °Cand 10 minutes during dilatometry. The prior austenite

grain size after this austenitisation treatment was found to be 80-90 pum. The isothermal
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treatments were carried out at 820, 800, 775, 750, 725, 700, 675, 630, 625, 600, 575, and 550

°C for time periods up to one hour.

9.4 Results and Discussion

Figures 9.2 & 9.3 show the absence of allotriomorphic ferrite and acicular ferrite in both
alloys with no discernible difference in microstructure. Only bainitic sheaves could be found.
The transformation temperatures for the two alloys are presented in Table 9.2. They are, as
expected, higher for alloy AM1 compared with Al. Hence, with a similar cooling rate, AM1
might have a tendency to develop into higher volume fractions of martensite. The optical
microstructure showed no obvious difference between A1l and AM1. The cobalt thus proved to

be ineffective.

Table 9.2. Calculated transformation temperatures for alloy Al and AM1.

ALLOY W, range B, M,

°C °C °C
Al 660-680 555 440
AM1 660-780 644 536

The hardness values in the weld metal regions were found to be 283 £+ 6 HV in alloy A1 and 289
+ 6 HV in alloy AM1. Isothermal dilatometric data were compared with the calculated TTT
diagrams (Fig. 9.4). The transformation times for a constant volume fraction of transformation
(observed from the relative length change) were measured to construct the TTT diagrams.
There is negligible difference between the experimental transformation start times of alloy
Al and AM1 for all transformation temperatures above 660 °C. This is consistent with the
absence of allotriomorphic ferrite reaction in both welds. The comparison of the experimental
and calculated transformation start times for alloy Al show a good correlation, but, a gross
underestimation of the incubation time for cobalt (alloy AM1) containing alloy is evident from
Fig. 9.4. The thermodynamic model predicts a order of magnitude smaller incubation time.
If the cobalt addition causes a change in the free energy of transformation, there should be
corresponding change in transformation temperature. The bainitic transformation temperatures
were measured during continuous cooling at 30 °Cs~! (Fig. 9.5). The results agree well with the
calculations (Bhadeshia, 1982a): Al; Predicted B,=553, Measured B,=580 & AM]1; Predicted
B,= 644, Measured B,= 630 °C. This proves that the cobalt certainly has a thermodynamic

effect on bainite.
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As a further. check, the martensitic transformation temperatures data given by Raghavan
and Thomas (1971) were examined with the present thermodynamic model. They studied
Fe-0.3C-4Cr (wt.%) with differing cobalt concentration. Their measured A, temperatures are
348, 383 and 390 °Cfor cobalt concentrations 0, 1.4, and 5.3 wt.% respectively. Corresponding
calculated martensitic transformation temperatures were 325, 383 and 435 °C. The trends are
therefore correctly predicted although the discrepancy is large at high concentration. The ex-
cellent correlation in the calculated bainitic transformation temperature with the experimental
points, and good correlation of TTT data points with experimental points of alloy A1l indicates
that the free energy modification was indeed taken into account in the thermodynamic model.
Further experiments (Fig. 9.6 and 9.7) verified that cobalt did not accelerate the transformation

to allotriomorphic ferrite in Fe-Cr-Mo-C steels.

9.5 Summary

The driving force for transformation is increased on addition of cobalt as indicated by the
changes in bainite transformation temperatures, although for reasons which are not clear, it

was found not to influence the formation of allotriomorphic ferrite in the alloys studied.
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Fig. 9.3 Comparison of the primary weld metal microstructures of alloy Al and alloy AM1. (a) Al,

(b) AMIL.
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Fig. 9.4 Comparison of calculated TTT curves for alloys A1 and AM1. The points were measured
using dilatometry. The open circles are for weld Al and filled circles for weld AM1. Note
the similarity of the TTT curves at transformation temperatures above 660 °C for both

alloys.
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Fig. 9.6 Allotriomorphic ferrite kinetics for the alloys Al and AM1, for two transformation tem-

peratures, (a) 750 °C, (b) 725 °C.

173




ions of Fig. 9.6. (a) 750 °C,

g microstructures for the transformation condit

Fig. 9.7 Correspondin

b) 725 °C.

(

4




Chapter 10
Future Research

The present research has illustrated a simple way of rendering the austenite grain bound-
aries ineffective in nucleating bainite by decorating them with thin layers of allotriomorphic
ferrite. This allows the inclusions within the residual austenite an opportunity to nucleate acic-
ular ferrite. The inertness of allotriomorphic ferrite is explained on the basis of crystallography
and solute partitioning,.

The columnar austenite grain parameters in weld control the subsequent microstructure
development. In single run welds the grain size is controlled by weld composition and the
base plate texture. In multirun weld it is further complicated by the solidification segregation
patterns created by previous weld passes. Hence, a fundamental model has to be developed
using solidification theories, crystallography and thermodynamics of the transformation to §
ferrite and austenite from liquid steel.

The allotriomorphic ferrite model now needs to be improved to predict crucial parameters
such as the extent to which the austenite grain boundaries are covered by layers of allotri-
omorphic ferrite and the transition from local to para-equilibrium mode of growth. This will
require a detailed and extensive re-examination of allotriomorphic ferrite kinetics in both the
nucleation and growth stages. The kinetic model should include isothermal and anisothermal
transformation conditions.

The second and most promising need is to model the kinetics of transformations under the
influence of stress. Further stress/crystallography data ha to be collected, data of importance
in variant selection and hence in calculating mechanical driving force. The measured trans-
formation strains with stress will form a basis for calculating the residual stress in welds as
they cool. Alloy modification or a change in weld cooling rate conditions can be considered to
modify the residual stress deveiopment. The application of this research lies in the design of

welded joint of high strength steels, which experience thermal, applied and shrinkage stresses.
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