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ABSTRACT

The decrease in dislocation density and hence the high strength loss
can be modelled during martensite tempering as a recovery process.
In this work, an innovative approach is presented to understand the
role of silicon associated with the inhibition of the recovery rate. A
phenomenological model is presented, where a combination of cross-
slip and solute drag is identified as the main governing mechanism for
recovery up to 450 ◦C, from where it is postulated that recrystallisation
occurs.
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1. Introduction

The microstructural changes occurring during martensite tempering can be described as
a recovery process [1,2]. Recovery is a process that takes place during the annealing of
plastically deformed materials, which leads to a change of the dislocation microstructure
without the migration of a high-angle grain boundary [3,4]. As-quenched martensite
adopts a complex microstructure consisting of various sub-structures, where laths are
separated by low-angle grain boundaries (<15◦) [5]. When recovery takes place during
tempering, the stored energy in the material decreases by a change in the dislocation
structure by dislocation annihilation, dislocation rearrangement and sub-grain growth [6].
The lower energy configuration is achieved by the movement of individual dislocations
by glide, climb and cross-slip. The dominant process determines the rate of recovery.
Additionally, where significant alloying exists, solute drag effects also become significant.
For a detailed description of each of these processes, the readers are referred to the
comprehensive review by Nes [7].

In a previous work by the authors where strengtheningmechanisms of medium-carbon
(0.5–0.6 wt.%) steels were unveiled, it was shown that the reduction in the dislocation
density during tempering is what leads to the loss in ultra high strength of martensite.
Furthermore, it was proposed that silicon plays an inhibiting role in martensite recovery
during tempering [8]. Recovery results in a reduction in the dislocationdensity, and the rate
at which such reduction took place was seen to be slower in the presence of silicon. Given
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Figure 1. Representation of the dislocation forest hardening contribution (�σρ ) to the yield strength
of tempered martensitic steels. The dots on the graph represent the measured dislocation density
(x-coordinate) and yield strength (y-coordinate) values of the material, where HS and LS represent
high-silicon and low-silicon alloys, respectively, tempered at 250, 350 and 450 ◦C.

silicon’s relatively small size compared to other substitutional elements, it is considered
in this work that its interaction with dislocations can be more pronounced. As shown in
Figure 1, dislocation forest hardening (�σρ) constitutes a significant proportion of the
overall strengthening in tempered martensitic alloys (for more details, readers are referred
to the extended work presented in [8]). Therefore, it is the aim of this work to provide
insight into the recovery mechanism, as well as to establish a connection between recovery
and the loss in ultra-high strength properties during tempering under the influence of
silicon.

2. Background to recovery

In this work, the extent of recovery will be quantified by the dislocation density reduc-
tion rate, making use of recovery models from literature to determine which recovery
mechanism adjusts to our experimental data [8].

The twomechanisms of highest relevance are: (i) thermally activated annihilation based
on Friedel’s cross-slip mechanism [9], and (ii) solute-drag controlled mechanisms. The
formermakes the assumption that the rate controlling factor is the dislocation annihilation
reaction itself, and not so much the movement of dislocations into configurations where
annihilation becomes possible. The latter takes into account the case of heavily alloyed
systems.

For cross-slip, the rate of recovery is given by [7]:
√

ρ

ρ0
= 1 − t

τcs
, (1a)

τcs =
[
C
ρ0

exp
(−Ecs

RT

)]−1
, (1b)

where ρ is the instantaneous dislocation density, ρ0 is the initial dislocation density, t is
the time and τcs is the relaxation time parameter for cross-slip, C is a constant, Ecs is the
activation energy for cross-slip, R is the gas constant and T is the absolute temperature.
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The solute drag controlled recovery rate is given by [7]:
√

ρ

ρ0
= 1 − kT√

ρ0A
ln

(
1 + t

τsd

)
, (2a)

τsd =
[
ρ0ABx
KT

exp
(√

ρ0A
kT

)]−1
, (2b)

A = αlsGb4, (2c)

Bx = C1bvd exp
(−Ux

kT

)
, (2d)

where k is the Boltzmann constant, τsd is the relaxation time parameter for solute drag, a
is a constant in the order of unity, ls is the distance between solute pinning points and is
taken to be C−2/3

s where Cs is the solute concentration, G is the shear modulus, and b is
the Burgers vector. Bx is the temperature-dependent parameter for solute diffusion, C1 is a
constant, vd is a vibrational frequency term, and Ux is similar to the activation energy for
bulk diffusion of the solute.

Essentially, Equation (2d) incorporates the thermally activated diffusion process of the
solute. Therefore, this expression can be approximated by the more familiar case of silicon
diffusion in α-Fe, DSi,α . Equation (2b) thus becomes:

τsd =
[
DSi,α

ρ0A
KT

exp
(√

ρ0A
kT

)]−1
. (3)

3. Experimental procedure

Two quenched-and-tempered medium-carbon steels are considered in the current study:
HS (high silicon, Fe-0.56C-2.30Si-0.69Mn-0.89Cr wt.%) and LS (low silicon, Fe-0.55C-
1.43Si-0.72Mn-0.91Cr wt.%), where details on other microalloying elements can be found
in [8].

The dislocation density values obtained fromapreviouswork by the authors [8] are used
in the current study. The dislocation density was estimated from themicrostrains obtained
using the line-broadening method in X-ray diffraction (XRD), where measurements were
made using high-energy X-rays from a synchrotron source. The samples were heat treated
in an Adamel Lhomargy dilatometer (DT1000), and initially were cylinders of 3mm
diameter and 12mm length. These were then machined into needles of 0.5mm diameter
and 6mm length prior to XRD (details on the procedure are found in [10] and [8]).

In order to observe the microstructural evolution of tempered martensite, transmission
electron microscopy (TEM) was carried out using a Philips CM30 microscope. The heat
treatments were perfomed in an Adamel Lhomargy dilatometer (DT1000) using cylin-
derical rods of 3mm in diameter and 12mm long. 3mm discs were then cut from the
dilatometry samples, and electropolished using a solution composed of 15ml perchloric
acid and 85mm ethanol. A twinjet electropolisher Struers Tenupol-5 was used, operated
under a voltage of 20.5V, at 16 ◦C, and a flow rate set at 12.
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(a) (b)

Figure 2.Modelling recovery considering cross-slip and solute drag mechanisms, and a combination of
both processes, for (a) HS and (b) LS.

4. Themodel

The expressions for cross-slip and solute-drag will be used to model the reduction in
ρ during tempering against the experimentally obtained values. For modelling cross-slip,
the parameters used for determining τcs were Ecs = 105 kJ/mol [11], and C was fitted to
be 5 × 1012. For modelling solute drag, ls = 8.02 for HS and 11.02 for LS, b = 0.2473 nm
for HS and 0.2483 nm for LS assuming the 1

2a < 111 > Burgers vector. G = 76GPa [12],
and DSi,α = 0.735(1 + 12.4xSi)exp (−EA

RT ) [13], where xSi is the atomic fraction of silicon.
Borg and Lai [13] showed that in α-Fe–Si systems, the activation energy for the diffusion of
silicon in α-Fe was around 220 kJ/mol, where EA was seen to be decreased with increasing
silicon content. In this study, the values used were EA = 205 and 245 kJ/mol for HS and
LS, respectively. Throughout modelling, ρ0 = 8 × 1015 m−2, and t = 1800 s, which is the
tempering time from the as-quenched condition.

Figure 2 shows the summary of the two expected dislocation density annihilation forHS
and LS when solute drag and cross-slip meachanisms are compared. Based on Figure 2, the
following observations can be made: in both HS and LS, assuming a solute-drag controlled
mechanism of recovery underestimates the recovery kinetics, while on the other hand,
the cross-slip controlled mechanism predicts a faster recovery than what is experimentally
observed. Nevertheless, postulating that in reality a combination of both effects may occur,
Equations (1) and (2) are combined, and it is proposed that annihilation can be represented
as additive terms, yielding the following expression:

√
ρ

ρ0
= 1 − t

τcs
− kT√

ρ0A
ln

(
1 + t

τsd

)
. (4)

Using the exact sameparameters as before, the dislocation density evaluation is shown as
‘Additive’ in Figure 2. For both HS and LS, the use of Equation (4) gives a closer agreement
with the experimentally observed dislocation density reduction during tempering than
the curves for solute drag and cross-slip. Nevertheless, in both cases, the combined
function predicts a faster recovery rate than what is experimentally observed for the
sample tempered at 450 ◦C. A possible explanation is that at 450 ◦C recovery becomes
less relevant, and instead some recrystallisation might occur, releasing only partially the
dislocation-related lattice strains in selected areas. The occurrence of recrystallisation in
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Figure 3. Representative microstructures for HS and LS tempered at 250, 350 and 450 ◦C.

steels at such temperatures is not new, Borchers et al. [14] have reported a transition
between recovery and recrystallisation upon annealing of heavily deformed pearlitic wire,
precisely when the temperature is increased from 400 to 450 ◦C.

This is corroborated by themicrostructural characterisation using TEM. Figure 3 shows
representative microstructures of the conditions HS 250, HS 350, HS 450, LS 250, LS 350
and LS 450. It can be clearly seen that the microstructures for the samples tempered at
250 and 350 ◦C remain similar, consisting of elongated and narrow lath/plate features.
However, the microstructure obtained after tempering at 450 ◦C is different, where wider
and globular-like lath units can be observed. Therefore, it is likely that a different process
takes place when tempering at 450 ◦C that leads to such differences in the microstrucure.
This is consistent with the findings from modelling recovery, where at 450 ◦C, the model
predicts faster recovery kinetics than those experimentally observed.

5. Discussion and concluding remarks

It should also be noted that during martensite tempering, carbide precipitation also
occurs additional to the process of recover. Both processes may take place simultaneously
within the microstructure, leading to some interaction between the two. However, as
experimentally observed in Figure 3 and illustrated in Figure 4, while the microstructure
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Figure 4. Schematic representation of intralath precipitation and recovery of low-angle grain
boundaries.

consists of intralath carbides, where carbide precipitation predominantly occurs within
the central region of the martensitic laths, recovery is a localised process that takes place
at low-angle grain boundaries, e.g. lath boundaries. There is a possibility that a long-range
interaction exists between a dislocation stress field and the distorted matrix surrounding
a carbide, but such interaction may be treated as a constant term in the recovery kinetics.
Whether it will have an accelerating or an inhibiting effect, it is not known presently. The
current model also has its limitation in that it does not take into account the carbon that
may be segregated in lath boundaries. As recovery proceeds and some lath boundaries
disappear, the trapped carbon would be released back into the matrix and be consumed
in carbide precipitation. Hence, a more complex interaction between precipitation and
recovery may occur, even under static conditions.

In summary, the evolution in dislocation density throughout the tempering of marten-
sitic steels can be modelled as a recovery process. From this study, it is concluded that
both solute drag and cross-slip are mechanisms by which recovery occurs, and that silicon
has an inhibiting role in recovery kinetics. Having identified the mechanisms controlling
dislocation behaviour, it is possible to model the dislocation density given the time–
temperature conditions of tempering. This is valid for temperatures below 450 ◦C, as
around this temperature, recrystallisation is proposed to occur. This is also supported by
microstructural evidence, where at 450 ◦C, a different microstructure is observed than at
lower temperatures.
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