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Work-hardening behavior of a lath martensitic Fe-18Ni alloy during tensile deformation is discussed based on
the Taylor’s equation. The dislocation characteristics are monitored using in situ neutron diffraction. In the
specimens of as-quenched (AQ) and tempered at 573 K (T573), the dislocations are extremely dense and
randomly arranged. The dislocations in AQ and T573 form dislocation cells as deformation progresses. Conse-
quently, a composite condition comprising cell walls and cell interiors is formed, and the coefficient « in the

Taylor’s equation increases. Cells are already present in the specimen tempered at 773 K (T773), which has a low
dislocation density and a large fraction of edge-type dislocations. As deformation continues, the dislocation
density of T773 increases, its cell size decreases, and its composite condition become stronger. Simultaneously,
the edge-type dislocation fraction decreases, keeping @ unchanged. Thus, both the dislocation arrangement and
character affected «, thereby affecting the work-hardening behavior.

The work-hardening behavior of metallic materials is generally
expressed using the Taylor’s equation [1] where the increment of flow
stress (Ao) is proportional to the square root of the dislocation density

().
Ac = MraGb,/p, €))

where Mr, a, G, and b are the average Taylor factor, a geometrical co-
efficient, the shear modulus, and the Burgers vector, respectively. As-
quenched lath martensitic steels have an extremely high work-
hardening rate. The dislocation densities of the as-quenched martens-
itic steels hardly change during their deformation; however, the dislo-
cation arrangement changes from a random arrangement to a correlated
configuration during the deformation at room temperature [2-4]. The
change in the dislocation arrangement can be expressed using the
dimensionless parameter M*, a product of the radius of the strain field
produced by the dislocation (R)) and ,/p (ie, M = R_\/p) [5]. The
evolution of the dislocation substructure during the work hardening of

lath martensitic steels was confirmed using transmission electron mi-
croscopy (TEM) [6]. Mughrabi [7] claimed that coefficient « in Eq. (1) is
affected by the dislocation structure and arrangement. Thus, the varia-
tion of M* is a factor that can be used to explain the work-hardening
behavior, as indicated by the variation of a [2-4].

The variation of a during deformation of the steels has been
demonstrated using in situ neutron diffraction measurements combined
with line profile analysis [3,8,9] and can be explained using the
Mughrabi’s composite model [10]; @ changed with deformation as
dislocation cells formed and the heterogeneity of the dislocation distri-
bution changed. In Mughrabi’s composite model, @ depends on the

volume fractions of the dislocation-rich cell walls (fyy) and
dislocation-poor cell interior regions (fc):
a = 20om \/foWy ®))

where apom is the value of @ when dislocations distribute homoge-
neously satisfying the conditions 0.35 < ahom < 0.4 [10] or aphom = 0.45
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[9]. According to this model, the homogeneous dislocation distribution
indicates the equivalent values of f¢ and fw (fc = fiw = 0.5), and the value
of fi is in a range of O to 0.5. The a of an AISI-316 stainless steel varied
during deformation depending on the [hkl] orientation owing to dislo-
cation structure evolution [9]; consequently a was equal to 0.23 + 0.03
and 0.47 + 0.03 for the [hkl]-oriented grains under favorable and un-
favorable cell-forming conditions, respectively.

The increase in a during deformation of lath martensitic steels has
been linked to the formation of dislocation cells and the change in M* in
order to relate it to Eq. (2) [3]. Dislocation cell walls are hard micro-
structural components, whereas cell interiors are soft components [7,
11]; edge dislocations are the main components of the dislocation cell
walls, whereas screw components are those of the cell interiors [12,13].
The Vickers hardness of steels increases when the fraction of edge dis-
locations (fedge) becomes larger than that of screw dislocations (fscrew)
[14]. Thus, the evolution of the dislocation character in lath martensitic
steels during deformation [4] may also affect . However, detailed
studies are yet to be conducted on the effect of the dislocation
arrangement and character on the work-hardening behavior and the
change in the a value of metallic materials, especially lath martensitic
steels, during deformation.

This study attempted to clarify the effects of dislocation arrangement
and character on the work-hardening behavior of a lath martensitic
Fe-18 mass%Ni alloy, particularly on coefficient a in the Taylor’s
equation. Specimens with an ultralow-carbon content were used in this
study to exclude the effect of carbon on the dislocation characteristics
and their major constituent phase after quenching to below room tem-
perature was martensite having the body-centered cubic structure.
Three types of specimens with different initial dislocation characteristics
were prepared as follows. All three specimens were first austenitized at
1173 K for 1.8 ks, water-quenched and then sub-zero treated at 77 K for
1.8 ks (AQ) to prepare the full martensite sample. The AQ samples were
subsequently tempered at 573 and 773 K for 3.6 ks, and then they were
water-quenched (T573 and T773, respectively). The full martensite
condition was kept in the T573, but in the T773, the presence of a tiny
amount of austenite with 1.5 mass% was confirmed from the neutron
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diffraction pattern and the microscopy observations. The tiny austenite
is likely because of the reverted austenite transformation during
tempering at 773 K [4]. The effect of the austenitic phase on the strength
in the T773 can however be neglectable owing to the quite small amount
of austenite because no significant changes were detected in terms of
both the volume fraction and microstructural evolution [4]. In situ
neutron diffraction measurements were performed at room temperature
during the tensile deformation of the specimens using the engineering
materials diffractometer TAKUMI available at Japan Proton Accelerator
Research Complex [15]. The tensile strains were increased in steps to
arbitrary values after which they were unloaded, and the diffraction
profile data for the line profile analysis were obtained. The
convolutional-multiple-whole-profile procedure [16,17] was used to
obtain the dislocation characteristics p, fscrew (fscrew + fedge = 1), M*, and
area-weighted average crystallite size ((X)area)- The details about spec-
imen preparation, the conditions of the tensile test, and several con-
stants required for the line profile analysis have been described in our
previous paper [4].

Fig. 1 shows the changes in the values of the true stress, p, fscrew, and
a during tensile deformation. The true stress—strain curves shown in
Fig. 1(a)-(c) were drawn up to the point where the nominal stress
reached its maximum value; thus, the last plots of p, fscrew, and a depict
their eventual states immediately before necking. Although p in the AQ
remained unchanged, the true stress—strain curve indicates that work
hardening occurred (Fig. 1(a)). By contrast, p in the T773 increased,
although the flow stress remained a plateau (Fig. 1(c)). These behaviors
are difficult to explain using Eq. (1). Meanwhile, firew in the T773
increased at the beginning of deformation (Fig. 1(f)), whereas that in the
AQ and T573 hardly changed (Fig. 1(d)-(e)). The values of @ shown in
Fig. 1(g)-(i) were calculated using Eq. (1), the values of Ac and p shown
in Fig. 1(a)—(c), and the other constants described in our previous paper
[4]. In the AQ and T573, «a started to rapidly increase as deformation
started and then tended to converge at approximately 0.3. By contrast,
the a of the T773 remained at approximately 0.35 throughout the
deformation.

Fig. 2(a) shows the microstructural parameters and evolutions of
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Fig. 1. Changes in the (a)-(c) true stresses and dislocation densities, (d)—(f) fractions of edge and screw dislocations (i.e. focrew and feqge), and (g)—(i) a values during
tensile deformation, of the three specimens. The subfigures (a), (d), and (g); (b), (e), and (h); and (c), (f), and (i) refer to the specimens AQ, T573, and T773,

respectively.
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Fig. 2. Evolution of dislocation characteristics with deformation: (a) specimen categorization based on the relationship between M* and (x)area during tensile
deformation and (b) schematic of the dislocation structures within a martensitic lath of AQ and T573 (Case ii), and T773 (Case i), caused by deformations.

each specimen. Two types of relationships were observed between
(X)area and M*: In Case i (T773), (X)area decreased as M* slightly
increased, and in Case ii (AQ and T573), (X)area Slightly decreased as M*
drastically decreased. In Case i, a remained almost unchanged (Fig. 1
(1)), and in Case ii, a increased (Fig. 1(g) and (h)). When M* is higher or
lower than one, the dislocation interaction is weak or strong, respec-
tively, thus indicating a random or correlated arrangement of disloca-
tions, such as a dislocation cell formation, respectively [5]. (X)area has a
high correlation with the size of a region that has an extremely low
crystal-defect density, such as dislocation cell interiors [18]. Thus, fc
and fw can indirectly be represented by M* and (x)area- Consequently,
the evolution of the microstructure of each case can be illustrated as
shown in Fig. 2(b). We focused on the changes in two types of fractions,
namely fc (= 1 — fw) and ficrew (= 1 — fedge), which cause a to change, to
explain the work-hardening behavior of lath martensitic steels. @ can be
considered a geometrical coefficient contributing to the strength incre-
ment per dislocation unit length, which could get affected by both
dislocation arrangement and character.

In Case i (T773), the decrease in the dislocation cell size was esti-
mated using (X)area. p in the T773, however, increased. This tendency
has been confirmed using electron channeling contrast imaging (ECCI)
[4]. The decrease in the dislocation cell size and multiplication of the
dislocations resulted in an increase in fyy during deformation (Fig. 2(b)).
Thus, according to Mughrabi’s composite model (Eq. (2)), @ should in-
crease during deformation. However, the a of the T773 remained almost
unchanged during deformation despite the increase in fy. Thus, as
indicated below, we had to consider another factor in addition to fiy and
fc to explain Case i.

Based on the dislocation theory, the elastic strain energy per unit
length of dislocation (E¢)) can be expressed as follows.

Gb? R
Ey = lekln (a) s 3

where R and ry are the radius of the stress field caused by a dislocation
and that of the dislocation core, respectively [19]. k is a parameter that
depends on the dislocation character and k = 1 — v for an edge dislo-
cation and k = 1 for a screw dislocation, where v is the Poisson’s ratio. In
the case where the elastic fields are superposed by both edge and screw
components, E) and k can be expressed using the sum of the edge and
screw dislocation energies with b replaced by bsing and bcosg, respec-
tively [19]:

E.(mixed) =

sz(l - vcosztp)l R
4r(1 —v) " ’

0
1-v

€]

and thus, k = ————,
1 —vcos“ g

where ¢ is the angle between the direction of the Burgers vector and
dislocation line whose direction depends on the ratio of the edge and
screw components.

The concept of ¢ is illustrated in Fig. 3(a) as a geometrical rela-
tionship between fycrew and ¢.

cosp

—_— 5
cosg + sing ®

f;crew =
As both k and fycrew are functions of ¢, k can be expressed as a function of

fscrew.

v—1)(2 2 -2 screw 1
k= ( )( fsc;ew f - + ) (6)
2f5CrCW + yf;crew - 2f;crew -1

Fig. 3(b) shows the relationship between k and fsrew for v = 0.31, the
value of v of the specimens used in this study [4]. k is most likely to affect
a and Ao since the externally applied stress is proportional to the line
tension of the dislocations. The line tension is generally defined as the
increase in Ee. The influence of the dislocation character on work
hardening can be represented by k.

We proposed a modified composite model, referred to as a double
composite model, to express a by multiplying Eq. (2) by 1/k as indicated
below.

@ = 2t i ¢ %

Fig. 3(c) shows the a vs. fiy curves obtained using Eq. (7) for different
values of fscrew and anom of 0.45 [9]. Evidently from the figure, a in-
creases as fy increases. Moreover, when fiy remains unchanged, an in-
crease in fyrew corresponds to an increase in k and a decrease in a. Fig. 3
(d) shows a as a function of fsrew; evidently, an increase in fycrew causes a
decrease in a. Thus, Eq. (7) can be used to explain the increase in the
hardness of 18Cr-8Ni steel (mass%) owing to an increase in fedge,
whereas p remained unchanged [14]. By plotting the experimentally
evaluated values of a (Fig. 1(i)) of the initial and eventual states against
the related values of fy.rew as shown in Fig. 3(c) and (d), the refinement
of the dislocation cells and multiplication of the dislocations, i.e. in-
crease in fyy with deformation, can be understood. The dashed line in
Fig. 3(c) shows the a vs. fyy curve for fycrew = 0.8. The initial value of a on
the curve corresponds to fedge = fscrew, Whereas its eventual value on the
curve corresponds to ferew = 0.8. The simultaneous increase in both fiy
and fsrew would have led a to remain almost unchanged during the
deformation.

In Case ii (AQ and T573), at the beginning of deformation, «
increased as the applied strain increased. A similar tendency was
observed during the tensile deformation of low-carbon martensitic steel
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Fig. 3. (a) Schematic showing mixed dislocations and relationships between parameters: (b) k and fscrew, (¢) fw (or fc) and a for different values of k, and (d) fscrew (OF
fedge) and a. The initial and eventual values of a in T773 have been inserted in (c) and (d).

tempered at 473 K [3]; the increase in a was reported to be attributed to
the increase in fyy. The increase in fiy occurred with dislocation cell
formation, which could be indirectly judged by the decrease in M* as the
deformation progressed. These results appear to follow Mughrabi’s
composite model (Eq. (2)); that is, an increase in fiy results in an increase
in a. However, the extremely high p, high M*, and low (x)area Of the
initial state could indicate that the initial f; value of the AQ/T573 has to
be lower than that of the T773. In our previous study that used ECCI [4],
no dislocation cells were observed in the AQ and T573 and highly dense
and randomly distributed dislocations were observed in them. There-
fore, the fc values of the AQ and T573 before deformation would have
been extremely low.

As long as the limit value of fyy is taken as 0.5 in Mughrabi’s com-
posite model and fc of the AQ and T573 remain extremely low, the
relationship between a and fy or fc in the AQ and T573 is difficult to
comprehend. In addition, the effect of the dislocation character on «
could be extremely small because fycrew remained almost unchanged
during deformation; thus, the proposed double composite model (Eq.
(7)) cannot be used for Case ii. In Mughrabi’s composite model, a
dislocation cell wall is defined as a microstructural region with a high
dislocation density, and fiy lies in the range from 0.1 to 0.3 [10]. The
as-quenched martensitic steel comprises extremely high-density and
randomly distributed dislocations [20]. The dislocations with these
features is deemed as the microstructure where the major component is
the dislocation-cell-wall-like microstructure, thus indicating that fyy can
be higher than 0.5. Takaki et al. [21] found a relationship between p and
fw using data pertaining to the dislocation cell size and cell wall thick-
ness [22,23]. Accordingly, an fy larger than 0.5 could be achieved when
p becomes higher than 10'® m™2 [21]. Therefore, both fiy and fc in
Mughrabi’s composite model can be extended to be between 0 and 1,
and a symmetrical curve of a with its highest value at fyy = fc = 0.5 could
be obtained, as shown in Fig. 4; this new model is hereinafter be referred
to as an extended composite model. When the initial values of « of the
AQ and T573 were plotted on the calculated curve, where fscrew = 0.8,
the estimated initial fiy was approximately 0.9 (Fig. 4). Thus, the
eventual values of a could be attributed to the increase in f¢ during
deformation. The increase in f¢ implies dislocation cell formation within
martensitic laths, which has been confirmed using ECCI [4,24] and TEM
[2]. Therefore, the inconsistencies observed in the increase in @ with the
decrease in M* can be explained using the extended composite model.

In summary, the work-hardening behavior of a lath martensitic
Fe-18Ni alloy during its tensile deformation was discussed based on the
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Fig. 4. Relationship between f (or f¢) and a value obtained using the extended

composite model. The initial and eventual values of a are inserted for AQ
and T573.

Taylor’s equation and using dislocation characteristics (dislocation
density, arrangement, and character) monitored using in situ neutron
diffraction. Three types of specimens, namely an as-quenched specimen
(AQ), an as-quenched specimen tempered at 573 K (T573), and 773 K
(T773), were used. The variation of a (a coefficient included in the
Taylor’s equation) during deformation was related to the evolution of
dislocation characteristics, a composite condition related to the forma-
tion and evolution of dislocation cells. The initial value of « in the AQ or
T573 was extremely small and its eventual value was approximately 0.3.
Before deformation began, dislocations with highly dense and random
arrangements were assumed to contain mostly cell walls, which evolved
to form dislocation cells as deformation progressed. Consequently, cell
interiors were formed, i.e., a composite condition was formed and «
increased. This behavior can be explained using an extended composite
model. The initial value of a in the T773 was above 0.3, subsequently
remained almost unchanged during deformation. With high-
temperature tempering, dislocations became low in density,
comprising a large fraction of edge-type dislocations and formed dislo-
cation cells, i.e. a composite condition. With deformation at room
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temperature, the dislocation density increased, and cell size decreased in
the T773, thus indicating that the composite condition had become
stronger. Simultaneously, however, the fraction of edge dislocations
decreased, keeping a almost unchanged. By considering the dislocation
character in addition to the fraction of cell walls or interiors, the vari-
ation of a can be understood, and this behavior can be explained through
the proposed double composite model.
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