CHAPTER SIX

Physical Interpretation of the Yield
Strength of Mechanically Alloyed
ODS Iron Alloys

6.1 Introduction

In Chapter four, an empirical neural network analysis of the mechanical properties of mechanically
alloyed iron-base ODS alloys was presented as a function of a large number of variables. The neural
network analysis produced models which are non-linear and incorporate interactions between variables.
Such models are extremely useful in alloy design and data interpretation, but any model which includes
a large number of interacting variables becomes difficult to interpret using the principles of physical
metallurgy. This is because the latter are simple in the context of sophisticated industrial alloys, but in
some circumstances can nevertheless give great insight and understanding on a level which is easier to

picture.

The neural network analys;s dealt with the yield and ultimate tensile strength and the elongation. Of
these, the yield strength shouid be the best behaved mechanical property given that the other two rely on
complex phenomena related to large degrees of homogeneous and inhomogeneous deformation. The
purpose of the work reported in this Chapter was, therefore, to attempt a better physical understanding

of the yield strength of the mechanically alloyed ODS materials.

MA 956, which is the focus of the present work, is a ferritic MA—ODS steel with the nominal composition
Fe—20Cr—4.5A1-0.5Ti-0.5Y,0; wt.%. Itis strengthened against creep by a highly stable fine dispersion
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of yttrium oxide [Benjamin, 1970; Benjamin and Cairns, 1971]. By conventional standards, this
dispersion changes little even as the melting temperature is approached. In the as-extruded condition,
the alloy has a microstructure with less than one micrometre grain size and a grain aspect ratio of about
30, while in the recrystallized condition the grain size is about 10-50 1 m and the aspect ratio is about
10 [Alamo etal., 1992]. The yttria particles added to the starting powders react with aluminium and
oxygen from the solid solution to form very fine dispersions of mixed (Y, Al) oxides [Cama and Hughes,

1994]. The average dispersoid diameter in the as—extruded condition is about 11 nm [Regle, 1994].

The essential problem which is addressed in this Chapter is the results of neural network analysis,
summarised in Figure 6.1 which shows the variation in the yield strength of recrystallised and unrecrys-
tallised MA956 as a function of the temperature. The curves represent a best—fit empirical interpretation
of a large quantity of experimental data with the caveat that overfitting has been avoided as explained
in Chapter 4. The error bars correspond to 10 and give an indication of the uncertainty in the experi-
mental data as well as the uncertainty in interpretating those data. The major aim of the work presented

here is to explain the curves in Figure 6.1 on the basis of strengthening theories.
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Figure 6.1 : Neural network predictions for the yield strength of the recrystallized
and unrecrystallized MA956 [Chapter 4].
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6.2 Strength of Recrystallized MA956

It is usual to express the yield strength as a linear combination of contributions from a number of

mechanisms using the approximation that these mechanisms are essentially non—interacting:

o,=0p,+0,+0,+0,+0, (6.1)
where
OFe is the strength of the pure, annealed matrix,
o, is solid solution strengthening,
op is the particle strengthening,
o, is the grain boundary strengthening,
oy is the dislocation strengthening.

The yield strength o, of pure, annealed iron at room temperature was calculated as in [Young and
Bhadeshia, 1994] with the temperature dependence according to the experimental results by Leslie
(1972) who studied interstitial—free Ti-gettered iron. Leslie also reported the temperature dependence
of solid solution strenghtening by a number of solutes in iron. Although the concentrations he studied
did not achieve the levels of interest in the present work, his data for 6 at.% solute were used to obtain
the temperature dependence of solution strengthening for each solute. The absolute values of the
room temperature solid solution strengthening were obtained from an empirical expression for fully
recrystallised ferritic stainlc;ss steels (17—25 wt.% Cr) by Lewis and Pickering (1983):

o, = 36 + 8.5(Wt.% Cr) + 58(Wt.% Mo) — 107(wt.% Ti) + 15.9"%  MPa
(6.2)
so that o, = 8.5(wt.% Cr) + 58(wt.% Mo) — 107(wt.% Ti) MPa

The negative coefficient for Ti shows some effect of interstitial solutes [Lewis and Pickering, 1983]. Ti

removes interstitial solutes as TiC or TiN.

Shewfelt and Brown (1977) modelled dispersion strengthening as a function of temperature assuming
that the dislocations remain on their slip planes except when they are able to overcome the obstacles by
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climb. Whether or not climb occurs depends on the strain rate and temperature. By comparing theory

against experimental data (1974) they obtained

0, =0 [(0.51 +0.01)
. ékTR?
+ (012 + 002) lOg { W} (63)
+(0.052+ 0.009)( Q )] . MPa
/4

where G is the shear modulus, b is the Burgers vector, D, is the pre—exponential component of the
self-diffusion coefficient of ferritic iron, Q is the activation energy for this self-diffusion coefficient, k
is the Boltzmann constant, p is the dislocation density, ¢ is the shear strain rate, R is the particle radius,
) is the square lattice spacing of the particles and a,, is the area associated with a vacancy. Table 6.1
shows the values of these parameters for MA 956 and the references where the information is from
literature. The value for the particle spacing, A, has been calculated using an expression by Kelly and

Nicholson (1963):

-5

where R is the particle radius, and f is the volume fraction of particles. The area associated with a

vacancy was calculated using a, = 7(b/2)°.

Table 6.1 : Parameters for the particle strengthening calculation. a is the lattice
parameter of ferrite, taken as 2.87 A

Parameter Value Reference
Shear modulus, G* ’ 80 GPa Ubhi et al., 1981
Burgers vector, b a ;:i- =2.485A -
Particle radius, R 5.695 nm Regle, 1994
Dislocation density, p 1015 m—2 Little et al., 1991
D, of a-Fe 5x 1075 m?s~1 Honeycombe and Bhadeshia, 1995
Activation energy, Q) 240000 Jmol~1 ' Honeycombe and Bhadeshia, 1995

The calculated components of strength are given in Table 6.2 and are illustrated as functions of
temperature in Figure 6.2a for recrystallised MA956. It is seen that the major contribution is from the
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intrinsic strength of iron. Although this intrinsic resistance to dislocation motion becomes smaller at high
temperatures, it never vanishes but reaches a limiting value known as the athermal resistance [Seeger,
1954]. The athermal resistance arises from the long—range stress fields of obstacles. Fluctuationscaused
by thermal vibrations are important over distances of the order of a few atoms and hence cannot assist
the dislocations to overcome any fields which extend over large distances. This is why the strength of

the iron does not tend to zero with increasing temperature (Figure 6.2a).

The next largest contributions to the overall strength come from the dispersoids and solid solution
strengthening. These contributions naturally depend on the particle characterisitics and solute concen-

trations respectively so it is not possible to make general comments about their magnitudes.

Table 6.2 : Calculated yield strength of recrystallized MA956

Temperature Y.S. of pure iron Solutes contribution Dispersoids contribution Total Y.S.
/°C / MPa / MPa / MPa / MPa
27 216 116 248 580
127 158 113 193 465
227 144 92 160 396
327 144 80 139 362
427 144 63 123 330
527 144 48 112 304
627 129 39 103 271
727 72 32 95 199
827 52 26 89 168
927 38 21 85 144
1027 28 17 80 125
1127 20 , 14 77 111
1227 15 , 11 : 74 100

Figure 6.2b shows the comparison of the calculated yield strength with the experimental data as
represented by the neural network estimates (Chapter four). The agreement is impressive indicating
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Figure 6.2 : (a) Calculated yield strength of MAU956 and contributions from the various

components as functions of temperature. (b) Calculated yield strength compared with

the result of a neural network analysis.
that the factorisation of strength is reasonable. Furthermore, the accelerating decrease in strength
observed in the temperature range 550-650 °C is, by comparison with Figure 6.2a, seen to be a
consequence of the similar variation in the strength of the pure iron. Such behaviour is expected
because iron atoms become significantly mobile in this temperature range when considered for the slow

strain rates typical of tensile tests. There are many other phenomena which reflect the mobility in this

temperature range; for example, secondary hardening in alloyed steels.

6.3 Measured Dispersoid Strengthening

There might be considerable uncertainties in the estimation of dispersion strengthening. For example,
the particles may not be uniformly distributed and are unlikely to have a uniform size [Krautwasser et
al., 1994; Dubiel et al., 1994]. To gain more confidence in the analysis, the dispersoids were effectively
removed from a recrystallised sample and the strength measured. This was done by arc melting the
alloy in an argon atmosphere, which causes many of the oxides (which have a relatively low density)
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to float off, The remaining particles coagulate and segregate making them ineffective as strengthening
dispersoidsf. At the same time, the other strengthening terms are unaffected by this procedure when

the comparison is with a recrystallised MA956 sample.

Arc melting might seem a drastic method to eliminate dispersoid strengthening. It is nevertheless
necessary because the yttria is added because of its stability in iron. Attempts to coarsen the dispersion

would not only be ineffective but also unconvincing in the present context.

Figure 6.3 shows the optical microstructures and TEM of the replicas of the samples before melting
and after melting. The optical micrographs show that the grain sizes of the two samples are comparable
whereas the replica images show that the experiment has been successful in removing fine dispersoids
from the melted sample. This is reflected in the measured hardness values which were found to be in
the range 248253 HV (mean 251 HV) and 188-196 HV (mean 192 HV) for the unmelted and melted

samples.

t This is why yttria is not incorporated into the alloy by melting, but by mechanical alloying.
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Nominal stress/nominal strain curves are presented in Figure 6.4 which show that there is a reduction
of 250 MPa in the yield strength for the melted sample. This is in remarkable agreement with the

calculated room temperature particle strengthening of 248 MPa, giving confidence in the model{
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Figure 6.4 : Tensile properties of MA956 before melting and after melting.

6.4 Unrecrystallized MA956

There is a remarkable difference in the grain size of recrystallised MA956 (about 10 mm) and the
unrecrystallized alloy whic_h has grains less than one micron diameter. Grain size must therefore
represent the major component of the reduction in strength following a recrystallisation heat treatment.
If this is the case then the strength of the unrecrystallized MA956 is simply that of the recrystallized

sample and the grain boundary strengthening.

This assumption can be verified by comparing calculated grain size strengthening values with the mea-

sured difference between the strength of the recrystallized and unrecrystallised MA956 as manifested in

1 The incidental observation that a larger elongation is observed in the unmelted sample is because the melted
sample fractured eventually by a cleavage mechanism. The reason for this has not been investigated in detail.
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the neural network analysis [Chapter 4]. The Hall-Petch [Hall, 195 1; Petch, 1953] relation is expressed

as:

0, = k,d™? (6.5)

where k, is a constant which is a measure of the grain boundary resistance and d, is the grain size.
According to equation 3, the value of k, for ferritic stainless steels is 15.9MPa mm~ 3% [Lewis and

Pickering, 1983].

Although the grain size strengthening can be calculated using the Hall-Petch relation, there is no ade-
quate theory for its temperature dependence. We have therefore estimated the temperature dependence
using the neural network model and the assumption that the difference between the recrystallised and
unrecrystallised samples is essentially due to the respective grain structures. The ratio of the difference

relative to that at room temperature was used to scale the results according to equation 6.5.

Figure 6.5 shows the calculated yield strength of the unrecrystallized MA956 as a function of the
grain size in the range 0.5-1.0 p m. As before, the results are compared against the neural network
interpretation of the experimental data. The yield strength can be explained rather well with the grain

size set at about 0.9 u m.
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Figure 6.5 : Calculated yield strength of unrecrystallized MA956 using different grain
sizes and compared with the neural network results. The plots are for grain sizes (a)
0.5 um,(b)08 um,(c) 0.9 um and (d) 1.0 pm.
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There is a slight increase in grain size strengthening with temperature over the range 30-300 °C. This
increase may not be significant given the uncertainty in the experimental data as apparent in the error
bars, but it could be a consequence of strain ageing associated with the small concentration of interstitial
carbon in MA956. A similar effect is found in the temperature dependence of the strength in ordinary

ferritic steels [Tapsell, 1931].

The more significant decrease in the contribution from grain size strenghening occurs at higher temper-
atures. For austenitic steels, the reduction in grain size strengthening with increasing temperature has
been associated with a weakening of dislocation locking effects at grain boundaries [Rao etal., 1975].
This might apply to MA956, but a more likely explanation is that there is dynamic recrystallisation
accompanying deformation at high temperatures. This has been observed experimentally by Chou and
Bhadeshia [Chou and Bhadeshia, 1995] during the hot deformation of MA956 and MA957 (another
ODS mechanically alloyed ferritic stainless steel). The dynamic recrystallisation could be observed
even when the deformation temperatures was far less than the ordinary recrystallization temperature
of the alloys. This would also explain why the grain size contribution remains constant until about
500 °C, because grain boundaries are not expected to be able to migrate until the iron and substitutional

atoms acquire sufficient mobility.

To assess this, the grain sizes necessary to explain the reduction in the strengthening contribution o
were calculated from the difference between the recrystallised and unrecrystallised alloy strengths as
a function of temperature (i:igure 6.6). The grain sizes estimated for all cases are seen to be quite
reasonable in the sense that a fully recrystallised microstructure will have grains some 10-50 pm in

size [Alamo etal., 1992].
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Figure 6.6 : Grain strengthening and estimated grain size of samples of MA956 which

are unrecrystallized prior to testing as a function of temperature.
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6.5 Summary

The ambient temperature yield strength of mechanically alloyed MA956 in the as—processed condition
originates from its ultra—fine grain size, the intrinsic strength of ferritic iron, dispersoid strenthening
via the yttria compounds and finally, the dislocation density. The contributions of these components
decrease in the order stated. The dispersoids contribute only about 250 MPa, but it is emphasized that

their prime purpose is to provide creep resistance, a property not discussed here.

Recrystallisation has the effect of virtually eliminating grain size strengthening but leaving the other

contributions essentially unchanged.

The temperature dependence of the strength has also been estimated. The relatively sharp decline in
the strength in the recrystallised condition beyond about 500 °C replicates the decrease in the strength
of iron. It is believed that a further large temperature dependence in the case of the unrecrystallised
sample comes from dynamic recrystallisation during testing which reduces the grain size contribution

to strength.

Finally, it is interesting that we have used our earlier neural network analysis of a vast quantity of
published data to validate the physical models. Mechanically alloyed materials are notorious in their
variability so this is a good method of providing an assessed experimental datum. Furthermore, the
network provides estimates of uncertainty in the experimental data which are useful in the validation

excercise.
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CHAPTER SEVEN

Conclusions and Further Work

7.1 Conclusions

A variety of studies have been conducted into the mechanical alloying process and the tensile properties

of the mechanically alloyed oxide dispersion strengthened superalloys, with some fascinating results.

A model has been developed to deal with a situation in which a solution is created by continuously
refining a mixture of powder particles of the pure components as in mechanical alloying. It is predicted
that solution formation by the mechanical alloying of solid components cannot occur unless there is a
gain in coherency as the particles become small. The inclusion of interfacial energy also predicts the
existence of a barrier to the evolution of the solution. For cases where like atoms tend to cluster, it is

possible in principle to obtain a metastable state before solution formation is completed.

A neural network technique trained within a Bayesian framework has been applied to the analysis
of the yield strength, ultimate tensile strength and percent elongation of mechanically alloyed oxide
dispersion strengthened ferritic steels as functions of variables which are known to influence mechanical
properties. The analysis ha; produced patterns which are metallurgically reasonable, and which permit

the quantitative estimation of mechanical properties together with an indication of confidence limits. -

The components of the yield strength of a mechanically alloyed oxide-dispersion strengthened iron—
base superalloy, MA956, have been investigated quantitatively. It is found that much of the difference
in strength between the recrystallised and unrecrystallised forms can be explained in terms of the
grain structure. The contribution from dispersion strengthening has been estimated using dislocation
theory and has been demonstrated to be consistent with that measured experimentally. The temperature
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dependence of the yield strength has also been studied; some of the effects observed in the range

500—600 °C can be attributed to the change in the intrinsic strength of pure, annealed iron.

7.2 Further Work

The thermodynamic treatment of the evolution of solutions in mechanical alloying is at present qual-
itative. The model could be applied to specific alloy systems where the interatomic interactions are

used.

The neural network models prbduced are based on the data available in the literature which at moment
are not very exhaustive, as more data become available the analysis will be repeated periodically to
ensure that the models are firmly based and reliable. In the present state, the models have been shown to
reproduce experimental results reasonably well, attempts will be made to use the models in the design

of new alloys.

Only the tensile properties of the iron—base MA—ODS alloys have been analysed. Neural network
analysis of the creep properties of the iron—base alloys will be conducted and similar analysis will be

made for the tensile and creep properties of the nickel-base alloys.

The physical interpretation of the yield strength of MA956 shows that the temperature dependence of the
yield strength of MA—ODS alloys in the as-extruded condition is to a large extent, dominated by dynamic
recrystallization and grain growth. It is necessary to investigate the kinetics of the recrystallization and

grain growth in order to understand the stress versus temperature relationship as it affects the phenomena.

Finally, we are no further in understanding the anisotropic mechanical behaviour in MA—ODS alloys
which must be related to the deformation processing and consequent dispersoid alignment combined

with crystallographic texture issues.
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APPENDIX ONE

Effect of Grain Structure on the
Creep Properties of MA956

Al.1 Introduction

Chou and Bhadeshia, (1993), determined that most of the stored energy of an alloy like unrecrystallized
MAUY56 is in the form of grain boundaries and that the stored energy is so large that moving grain
boundaries can easily overcome any drag from the particle dispersion. Furthermore, the alignment of
oxide particles along the extrusion direction would lead to the development of a columnar recrystallized
grain structure. They proposed and verified that a reduction in the stored energy via some process before
recrystallization would lead to a more isotropic grain structure. This is because the grain velocity along
the extrusion direction would be reduced. The objective of the work reported here was to see whether a
more isotropic recrystallized structure improves the stress-rupture properties of MA956, especially the

relatively poor transverse properties.

Various heat treatments procedures were employed in order to systematically vary the grain size
and shape. In addition to the conventional recrystallization heat-treatmenf for the alloy, two other
experimental heat-treatments were investigated. The latter involved the control of stored energy before
recrystallization by “preannealing” the alloy at a temperature high enough to permit recovery but not
recrystallization. The heat-treatments are described in Table A1.1. The heat-treatments were performed

in air prior to the machining of test specimens for the stress-ruptute tests.
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Table Al.1 : Heat-reatments investigated for grain structure control.

Class Type Detail
A Conventional Recrystallization at 1315 °C' for 50 min
B Experimental Preannealing at 1050 °C' for 455 h+

Recrystallization at 1315 °C' for 20 min

C Experimental Preannealing at 1100 °C'for 150 h +
Recrystallization at 1300 °C for 15 min

Al.2 Results and Discussions
Al.2.1 Structure

The microstructures of the samples due to the different heat-treatmen;cs are shown in Figure Al.1 for
sections taken parallel and transverse to the extrusion direction. The conventional heat-treatment A has
led to a complete recrystallization with a coarse and uniform columnar grain structure. The experimental
heat-treatment B produced refined elongated grains which are distributed non-uniformly within the
structure, whilst the experimental heat-treatment C has produced a structure which is composed of
elongated grains which are finer than the A—structure but coarser than B and are uniformly distributed
within the structures. The longer preannealing time in B relative to C' produced a higher reduction in
stored energy and consequently, the driving force for recrystallization is lower in B than C. However,
the persistent anisotropic grain shape suggests that stored energy is probably not the only controlling
factor. The reduction in the stored energy can reach a level where the microstructure becomes sensitive
to any inhomogeneous distribution of particles and the grain size begins to be limited by Zener pinning,
as the pinning force becomes comparable to the driving force for grain boundaries migration [Chou and

| Bhadeshia, 1993]. This may explain the non—uniform structure in B.
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