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Abstract Martensitic transformation of AISI D2 tool
steel continuously cooled from 1303 K to the cryogenic
temperature of 173 K is investigated by dilatometry using
10 or 50 K s™! cooling rates. A ‘typical’ expansion takes
place from the M temperature and reaches a maximum at
325 K. However, an atypical behavior is observed below
this temperature implying the activation of further
martensitic transformation. A modification to existing
equations is proposed, which allows for more accurate
description of the kinetics of martensitic transformation.
Scanning electron microscopic studies indicated the pres-
ence of plate and lath martensite for both cooling rates.
Carbide precipitation takes place at the rate of 10 K s~
before the start of martensitic transformation while it was
not observed when the 50 K s™' rate was used. Trans-
mission electron microscopic studies revealed that the
microstructure also contains a significant amount of nano-
twinned martensite.
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Introduction

AISI D2 tool steel is widely used in mold-making industry
as well as high speed cutting tools, where a combination of
ultra-high strength with high wear resistance and good
toughness is required [1]. The conventional heat treatment
of this steel consists of three main steps: (1) solutionizing
in the austenitic region (from 1273 to 1313 K) [2]; (2) air
or gas cooling to room temperature (close to 1 K s~ [2]);
(3) single or double tempering (from 423 to 823 K) [3, 4].
The starting microstructure (i.e., the as-received condition)
before hardening treatment is the annealed condition. In the
annealed condition, the matrix is composed of ferrite and
several types of carbides [2]. The larger or primary ones,
M,C;, are formed at the austenite grain boundaries and
then dispersed as a result of hot working [2]. The other
carbides, M,C and M,3Cq, are the result of secondary
precipitation during normalizing heat treatment [5-7]. It
must be mentioned that some authors have proposed a sub-
classification of secondary carbides as “large” and “small”
secondary carbides in D2 steel [5]. The formation of MC
and M,C (similar chemical composition as M-Cs), and
M,5Cg carbides are possibly based on thermodynamic
calculations [2].

As reported by several authors [4—7], after conventional
quenching, the microstructure is composed of (1) fresh
martensite, (2) a mixture of the M,C and M,3C¢ carbides,
and (3) retained austenite. The latter can decompose into
ferrite and cementite during subsequent tempering between
573 and 773 K thereby affecting the mechanical properties
of the alloy [3]. Also, in a recent study [8] the present
authors reported that conventional hardening treatment of
this steel does not result in martensitic microstructure and
instead a mostly bainitic microstructure was obtained.
Therefore, higher cooling rates as well as very low cooling
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temperatures are required for complete martensitic trans-
formation to take place in AISI D2 steel.

The effect of cryogenic treatment on microstructure
evolution, wear, and mechanical properties of Fe—C steel,
tool steels, and specifically AISI D2 tool steel has been
previously reported by many researchers [10-21]. The
temperature ranges studied by researchers varies from 223
to 77 K and depending on the investigated temperature
interval, the denominations are different: ‘cold treatment’
for the interval 223-193 K; ‘shallow cryogenic treatment’
for the 193-113 K interval; and ‘deep cryogenic treatment’
for the 113-77 K interval. Preciado and Pellizzari [10],
Olia et al. [12], and Das et al. [19, 21] have presented the
most recent studies on the influence of cryogenic treatment
and subsequent tempering on the sequence of precipitation
of temper carbides and the evolution of mechanical and
wear properties. However, in spite of the extensive amount
of work, little information is available on martensite’s
characteristics and the kinetics of martensitic transforma-
tion during direct cooling to 173 K (shallow cryogenic
temperature).

In the present research, the above aspects are studied
using a combination of high-resolution dilatometer, scan-
ning electron microscope (SEM), and transmission electron
microscope (TEM). The obtained results are correlated
with the existing models for martensitic transformation in
steels and an equation is proposed which better describes
the phase transformation for AISI D2 steel.

Mathematical analysis of dilatometry curves

Dilatometry is a powerful in situ method to monitor solid-
state phase transformations characterized by changes in the
lattice structure (e.g., austenite to martensite transforma-
tion) which are translated into variation of the specific
volume of the specimen [22, 23]. However, it is not always
possible to detect with precision the amount of volume
change during the transformation as well as transformation
start and finish points. High-resolution dilatometry permits
for precise temperature control and recording of nano-
metric volume changes thereby allowing for the detection
of the early stages of phase transformations as well as
differentiation of superimposed processes which cannot be
revealed with conventional dilatometry equipment. The
transformation start and finish temperatures are often de-
termined using tangent line method [24] and first derivative
or off-set methods [25]. In order to estimate the volume
changes during the martensitic transformation, mathema-
tical equations are used to fit the experimental dilatation
curves [26]. Yamamoto [26] proposed a model in which the
total volume change during martensitic transformation is
dependent on the sum of three variables: (1) shrinkage of

the retained austenite, (2) shrinkage of newly formed
martensite, and (3) the expansion as a result of austenite—
martensite transformation. This model is briefly described
in Egs. (1) and (2) [26].

diy1 = di — (fu0m + f,0,) AT (1)
Ei+1 = di+1 + 8",'7mfm7 (2)

where i shows i th experimental point, d the shrinkage due
to expansion coefficient, E the total dilatation at a i th
temperature, o, the expansion coefficient of martensite, o,
the expansion coefficient of austenite, &,_,, the strain due to
lattice volume differences between austenite and marten-
site, and f;, the volume fraction of martensite stated with
Koistinen and Marburger (K-M) equation [27] (Eq. 3).

fn =1 —exp[=b(M; = T)] (3)

In Eq. (3), Mis martensite start temperature; b is a material
constant varying with chemical composition and T is
cooling start temperature [28]. Qui et al. [28] have re-
assessed Yamamoto’s model and reported several incon-
sistencies including: no unique f,, for a given material,
problems regarding the measurements of «,,, difficulty in
finding unique b, M, ¢,_,, and errors between calculated
and experimental results [26]. Equations (1) and (2) were
reformulated as shown in Eq. (4) where it can be seen that
five variables need to be determined in order to obtain an
accurate fitting of the dilatation results [28].

E = Ey + (&)-m — otmMs — (0ty — ) /b) + T + (ot
— Op) /b — &y_p) exp(—b(Ms — T)

(4)

In the above equation E represents the total dilatation
during transformation and Ej corresponds to the dilatation
at M temperature. In the present work the approach pro-
posed by Qui et al. [28] was used to obtain the best fit for
the dilatometry curves obtained during the experiments. On
the basis of this analysis, a more simplified equation is
proposed (Eq. 5) and it is also demonstrated that b is not a
constant value but rather varies as a function of the cooling
rate.

E=Ey—3.83 x 10°® 4+ o, T — 4.235 x 107> (exp(—b(M
- 1))
(5)

Materials and methods

The as-received AISI D2 material was 15-mm-thick rolled
sheet with the nominal composition of C 1.54-Si 0.33—-Mn
0.32-Cr 11.88-Mo 0.76-V 0.75-P 0.008-S 0.008(wt%).
Samples were cut into 10 mm height and 4 mm diameter
cylinders with their height parallel to the rolling direction.
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High-resolution BAHR DIL 805 A/D dilatometer with a
50-nm resolution at high speed cooling rates was used to
carry out the experiments. Samples were heated to 1303 K
and maintained for 1200 s followed by continuous cooling
to 173 K at 10 or 50 K s~

The 50 K s~ cooling rate was selected in order to avoid
any carbide precipitation before the start of the martensitic
transformation and also to insure an almost fully marten-
sitic structure upon quenching. Finally, the samples were
brought to room temperature with a heating rate of
10K s

In order to examine the kinetics of austenite to
martensite transformation a significantly lower cooling
rate, 10 K s™!, was used. In order to avoid any oxidation
and decarburization, the heat treatment cycle was con-
ducted in vacuum environment. An etchant with the fol-
lowing composition 40 g NaOH + 60g H,O+ 15¢g
NaNOj initially proposed by Gouné et al. [29] was

>
(—J
>
o0
AL/L,

Strain (AL/L,)

0.002 - 400 440 480 520 560 600

0 200 400 600 800 1000 1200 1400
Tmeperature (K)

1
0.9
0.8
0.7 +
0.6
0.5
0.4
0.3
0.2
01 -
0 ! ,
100 150 200 250 300 350 400 450 500
Temperature (K)

Martensite volume fraction

Fig. 1 a Dilatation diagram during cooling at the rate of 10 K s
depicting the start of martensitic transformation(Mj), b curve fitting
results based on Eq. (5) in comparison with experimental results in
the region where tarnsformation occurs in part a, ¢ change in volume
fraction of martensite versus under cooling calculated by Eq. (5),
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modified and successfully used for revealing martensite.
Hitachi-TM3030 SEM and X-ray diffraction diagrams
(XRD) were used for microstructural studies. The carbides
count was calculated using the MIP® image analysis soft-
ware [30]. For TEM studies, the sample cooled at rate of
50 K s~' was prepared by precision ion polishing (PIPS).
Thin foils were then examined using an FEI Tecnai G* F20
TEM operated at 200 kV.

Results
Dilatometry analysis

The dilatation curves versus undercooling are presented in
Figs. la—d and 2a—d for cooling rates of 10 and 50 K s,
respectively. The contraction curve showed parabolic be-
havior for the 10 K s™! cooling rate (Fig. la) while almost
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d evolution of compressive strain during holding time at austeniti-
zation temeprature. The maximum compression strain was obtained
by subtracting the highest expansion value from the value right before
the start of cooling (range is shown by red dashed lines)
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Fig. 2 a Dilatation diagram during cooling at the rate of 50 K 5!

depicting the start of martensitic transformation (M), b curve fitting
results based on Eq. (5) in comparison with experimental results in
the region where transformation occurs in part a, ¢ change in volume
fraction of martensite versus under cooling calculated by Eq. (5),

linear behavior was observed for the 50 K s~' cooling rate
(Fig. 2a) before the start of martensitic transformation.
Splitting phenomena was observed around 480 K for the
slow cooling rate (Fig. 1a) and 450 K for the fast one
(Fig. 2a). De Andrés et al. [31] and Caballero et al. [32]
have studied this effect in detail and related it to the
presence of concentration gradients in the austenite, due to
partial or total dissolution of carbides upon austenitization.
Considering the similarities between the results obtained
by the present investigation and those reported by the
above authors, the observed splitting phenomena is also
associated with the presence of chemical heterogeneities in
the austenite which are revealed by the high-resolution
dilatometer. It is worth noting that the sudden change in
dilatation observed around 300 K in both conditions is due
to the introduction of liquid nitrogen into the test chamber
and is not related to any microstructural phenomenon.

d evolution of compressive strain during holding time at austeniti-
zation temperature. The maximum compression strain was obtained
by subtracting the highest expansion value from the value right before
the start of cooling (range is shown by red dashed lines)

Figures 1b and 2b show comparison between ex-
perimental results (black curve) and modeled data (red
curve). The occurrence of martensitic transformation from
M, to 173 K can be observed in both cases. Two distinct
behaviors are distinguishable: (1) regular behavior con-
sisting of expansion starting at M and reaching a max-
imum value around 325 K; (2) an atypical behavior below
325 K, where either another expansion is observed
(Fig. 1b—black curve) or the normal contraction expected
at these low temperatures does not occur (Fig. 2b—black
curve). The second expansion in dilatation curve, as indi-
cated in Fig. 1b, has been also observed by Wierszyllowski
[33] and is related to activation of a second martensitic
transformation taking place below 273 K. Using Eq. (5)
and the data reported in Table 1, best fits were obtained for
dilatometry curves and the results are shown in Figs. 1b
and 2b (red curves) for the slow and fast cooling rates,
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Table 1 Data used for curve fitting for both 10 and 50 K s~* cooling
rates

Variable Cooling rate

10Ks™ 50K s~
Ey —0.00326 —0.00334
(%1076 /K) 9.36 8.48
b 0.0128 0.0156
Ms First derivative method (K) 470 450
Ms Calculated by model (K) 444 450

respectively. Based on the above analysis, it can be said
that the proposed model predicts relatively well the di-
latation behavior until 325 K; however, below this tem-
perature, deviation occurs between experimental results
and the predicted ones which may be due to secondary
martensitic transformation or abnormal contraction be-
tween 325 and 173 K.

The influence of undercooling on the volume fraction of
martensite is shown in part ¢ of Figs. 1 and 2. The above
data were obtained by finding the values of M and b from
Eq. (5) and using K-M equation. It can be said that the
regular behavior ends once 78 percent of austenite is
transformed to martensite for the cooling rate of 10 K s~
(Fig. 1c) while for the cooling rate of 50 K s™', it finishes
when 85 percent of austenite is transformed to martensite
(Fig. 2c). Thus, the remaining austenite (22 and 15 %,
respectively) will undergo atypical behavior until the end
of the process. The proposed model predicts the presence
of 1.5 and 3 % retained austenite, in the final microstruc-
ture, for fast-cooled and slow-cooled samples, respectively.

()

The high-resolution dilatometer made also possible to
screen small variations in expansion or contraction during
soaking at austenitizing temperature. For example, Fig. 1d
(red dashed lines) shows a value of 0.09 % for compressive
strain in the case of 10 K s™' cooling rate while this value
was 0.02 % in the case of 50 K s~' cooling rate (Fig. 2d,
red dashed lines,). The occurrence of non-uniform strain
during austenitization, as illustrated in Figs. 1d and 2d, was
observed repeatedly for many other test conditions carried
out by the authors. The detailed quantification of this effect
and its impact on the kinetics of martensitic transformation
is presently carried out by the authors and will be the
subject of a separate communication. In the context of the
present paper, it can be said that chemical heterogeneity in
the microstructure or stabilization of retained austenite
could be the possible causes of such effect. Indeed, car-
bides in AISI D2 tool steel have smaller coefficient of
thermal expansion than the parent phase, thereby affecting
the normal dilatation of the matrix and generating
anisotropic strains [34]. During austenitization, due to the
holding at high temperature, the austenite is relaxed from
these strains; in contrast because of the partial dissolution
of carbides, the strength of austenite is increased [34]. It is
relevant to mention that slower cooling rates could also
contribute to retained austenite stabilization and therefore
to the occurrence of the atypical behavior. This is illus-
trated in Figs. Ic and 2c, where it can be seen that
martensite fraction in slow-cooled sample is smaller than in
the fast-cooled one.

Finally, it is important to note that the results obtained in
the present investigation reveal a dependency of the value
of the ‘constant’ b on the cooling rate employed during
testing. While the dependency of b on steel composition
has been previously reported [28, 35], to the knowledge of

TM3030_0209 9 1354 N

20 um TM3030_0093

2014/07/05 14:52 N 20 um

Fig. 3 a SEM micrograph of the alloy cooled at the rate of 10 K s™', b SEM micrograph of the alloy cooled at the rate of 50 K 5"
(microstructure features: primary large carbides and secondary carbides; no trace of grain boundaries)
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the authors, this is the first time that its variation with
cooling rate is demonstrated.

Microstructural analysis

Figure 3 shows the SEM micrographs of the microstructure
obtained after cooling at the rate of 10 K s '(a) and
50 K s~ '(b). They both show similar features such as
plate-like martensite, large primary carbides, and fine
secondary carbides (details brought in Introduction); no
trace of grain boundaries is observed which confirms
similar chemical composition between the product
(martensite) and the parent phase (austenite). X-ray
diffraction analysis did not show austenite peaks for both
heat treatment conditions. In order to investigate possible

carbide precipitation before the start of transformation for
the lower cooling rate (10 K sfl), back scattered electron
(BSE) detector was used. The influence of cooling rate on
the presence of very fine carbides (below 1 pm) is shown
in Fig. 4a—c. A higher population of carbides with average
diameter below 1 pum is observed in the samples cooled at
10 K s (Fig. 4c). XRD diagrams for both conditions are
shown in Fig. 4d. The M;C3; main XRD peak is located at
2-0 ~ 44° with M being mostly Cr and Fe. The M,C; peak
intensity is higher for slow-cooled sample corresponding to
higher volume fraction of these carbides. In the figure, the
(110) martensite peak located at 44.5° is also shown to
distinguish it from the M;C; peak. It is worth mentioning
that, as reported by several authors [2, 6, 7] submicron size
secondary carbides precipitate in AISI D2 steel during hot

(b)
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Fig. 4 The effect of higher cooling rate on the suppression of carbide
precipitation during cooling a BSE-SEM micrograph from mi-
crostructure of the alloy cooled at the rate of 10 K s~'b BSE-SEM
micrograph from microstructure of the alloy cooled at the rate of

(@) M;Cy (421) £y M (110)

40 50
Position [°2Theta]

50 Ks™', ¢ diagram showing the number of carbides with
size < | um for conditions in parts a, b, d XRD diagrams showing
(421) peak of M,C; carbide and (110) of martensite (overlap is due to
very close diffraction angles)
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Fig. 5 Morphology of martensite as a result of cooling at the rate of 50 K s' a Bright-field TEM image of partly plate-type martensite b bright-

field TEM image of lath-type martensite

forming and will be retained after quenching. However,
they can’t be detected readily by X-ray diffraction due to
their small sizes and TEM is needed to reveal them [6].

The above findings confirm that the splitting phe-
nomenon observed in the dilatometry curve of the slow-
cooled sample (Fig. 1a) corresponds to carbide precipita-
tion (carbon-depleted austenite) while the splitting ob-
served in the dilatometry curve of the fast-cooled sample
(Fig. 2a) is related to the occurrence of transformation in
carbon-rich austenite. The obtained results are in agree-
ment with those reported by other authors [30, 31].

In order to study the detailed morphology of martensite,
TEM observation was carried out on the sample cooled at
50 K s™!. As shown in Fig. 5a, b, the microstructure is
mainly composed of plate martensite (Fig. 5a); however, a
noticeable amount of lath-type morphology is also ob-
served (Fig. 5b). Using the Thermo-Calc software‘s
TCFE7 database and methodology provided in Ref. [36],
the carbon content of austenite at 1303 K was estimated to
be about 0.52 (wt%). Considering that low M temperature
promotes the formation of plate martensite at the expense
of lath type [37], it is reasonable to observe a mixed
morphology of lath and plate martensite.

More detailed discussion on the factors controlling
martensite morphology will be provided in the discussion
section.

In addition to the observed plate and lath martensite,
nano-sized twins were also observed in several areas of the
examined samples, as shown in the bright-field TEM im-
ages in Fig. 6a—d. A series of highly dense internal trans-
formation of nano-twins with a thickness of 10 nm are

@ Springer

accommodated in the areas expanding over 600 nm
(Fig. 6a—c). Selected area diffraction (SAD) pattern, taken
from area shown by yellow circle in Fig. 6c, is presented in
Fig. 6d indicating that the nano-twins are located in 112
planes and the relationship between the matrix and the
twins. The obtained results are in agreement with those
reported by other authors [37-39] on Fe—Cr—C steel where
the same type of orientation was observed between the
matrix and the nano-twins. It has been reported that in-
ternal martensite twins can be considered as transformation
twins if they meet the symmetry requirements otherwise
they are just demonstrations of adjustment effects [40]. In
the present investigation, it was found that (Fig. 6d) the
twin plane is always a plane of mirror symmetry with re-
spect to the austenite indicating that the observed nano-
twins in the microstructure are internal transformation
twins produced as a result of the cryogenic cooling.

Discussion
Kinetics of martensite formation

The Koistinen and Marburger equation (Eq. 3) [27] is often
used to describe the extent of transformation as functions
of temperature. In this equation, b is a rate parameter which
is often considered as dependent on the steel composition
and can be extracted from empirical equations [35]. In
some cases, this parameter has also been considered as
K-M original constant value which has been suggested to
be about 0.011 K~ for plain carbon steel [27]. However,
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Fig. 6 a nano-twins (circled area) in the substructure of the alloy
cooled at the rate of 50 K s™' b higher magnification of the same area
showing high density of dislocation in smaller bands (=~ 10 nm thick)

using empirical equation described in Ref. [35], it was
not possible to predict a suitable value for b to be able to
obtain the best fit for the obtained results because the
empirical equation has been developed for a certain
compositional range and as such has limited applica-
bility. On the other hand, using a constant value for b as
provided in Ref. [27] it was not possible to obtain an
acceptable fit for the experimental results. In the present
investigation, it was found that the equation proposed by
Qui et al. [28] allows for a more accurate prediction of
the transformation of fraction and the influence of che-
mical composition and cooling rate are considered in the
estimation of the rate parameter b. Figure 7 depicts the
effect of higher cooling rate on the value of b obtained
from Eq. (5).

o * O Matrix
211 oy 110 - L
11 110
L@ ‘ =, "
-
® £ %4

— — L
zone — axis :[1 13]m|| [113],

-

¢ very high magnification showing one nano-twin (yellow circle
shows the area over which SAD pattern was taken, d corresponding
analysis of SAD pattern

Additionally, parameter b can be defined approximately
in terms of the linear relation between chemical driving
force of transformation with the number of new martensite
plates formed per unit volume as shown below [41, 42].

b=—d¢ (d(AG)/dT)’ (6)

where 9 is the average volume of the newly formed
martensite plates caused by temperature variation d7, ¢ is a
proportionality constant, AG is the volume free energy
change accompanying transformation and 7 is the tem-
perature. In this research, two different values for b have
been found as a result of change in cooling rate (see
Table 1). The chemical driving force (AG"~*) of austenite
to martensite (ferrite) transformation for AISI D2 tool steel
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Fig. 7 Effect of cooling rate on the resulted b factor from Eq. (5)
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Fig. 8 Chemical Gibbs free energy changes during diffusionless
transformation from austenite to martensite (ferrite) extracted from
Thermo-Calc database TCFE7, given for the composition of austenite
at 1303 K
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can be extracted from Thermo-Calc database TCFE7
(Fig. 8).

If the values of chemical driving force between M
temperature and 325 K, where regular behavior ends (by
model), are divided by undercooling (considering same
value for ¢); the average volume of martensite phase can
be estimated as indicated below.

= (AGspsk — AGpy —sasx
bioxet = 0.0128 = —Jop T

_ (3470 + 2570 .
—0 (%) = 9 = 0.00169¢
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bsy k1 = 0.0156 = —Jo

(347042547
=Tve ~125

AG3psk — AGy,—450k
325 — 450

) = 9 =0.00211¢

The above results indicate that higher average volume
fraction of martensite is obtained for higher b value which
is in agreement with the results obtained in Fig. 7 using
Eq. (5) with a variable b value.

Factors controlling martensite morphology

In Fe-C-Cr steels, lath martensite forms at higher M
temperature compared to plate martensite [37]. The M
temperature calculated from Eq. (5) for the first part of the
dilatation diagram did not show considerable changes
(between 444 and 450 K) by increasing the cooling rate
from 10 to 50 K s™' indicating that the M temperature of
AISI D2 steel is not affected by cooling rates in this range.
However, significant changes in M, temperature causing
morphology changes from lath to plate type have been
reported where very high cooling rates, above 6000 K s~ ',
were used in ferrous alloys [43].

The strength of austenite and martensite can also affect
the morphology of martensite [44]. The active habit plane
of martensite can be determined as a function of the re-
sistance of austenite and martensite to dislocation motion
[44]. The results obtained in this study revealed the pres-
ence of both lath and plate morphologies in the mi-
crostructure (Fig. 5a, b). Also, as indicated in Figs. 1d and
2d, a contractive strain is observed during soaking at
austenitizing temperature. The source of this strain can be
attributed to chemical inhomogeneity caused by the dis-
solution of carbides or the stabilization of retained
austenite because of the slow cooling [23, 34]. The pres-
ence of the contraction observed in this study indicates that
part of the austenite phase has a higher strength level. Such
difference in strength level determines the type of habit
plane that will be activated and as a result the martensite
morphology will be formed. In the present investigation
plate-shaped martensite with {225}, habit plane and highly
dislocated platelets or lath martensite with {111}, habit
plane was identified. The above results are in agreement
with those reported by other authors on the preferred habit
planes for these types of martensite [37, 44].

It has been reported that {225} martensite does not have
clearly defined midrib while it could be internally twinned
[43]. The results obtained in the present investigation are in
agreement with the above reports as no trace of midrib was
observed in TEM micrographs (Fig. 5a-b) and internal
nano-twins were present in the microstructure (Fig. 6a—d).
It is well known that low M; temperatures promote the
formation of twins [45]. For the investigated alloy, it was
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calculated that in the range 325-173 K, 15-22 % of
austenite transforms to martensite, respectively (Figs. lc,
2¢). It is therefore reasonable to assume that the formation
of internal nano-twins in this temperature range is due to
austenite transformation.

Martensitic transformation is always accompanied with
plastic deformation and the dominant deformation mode in
austenite could be modified by changes in critical resolved
shear stress [34, 45]. The presence of a significant amount
of nano-twins observed on the martensite produced during
cooling indicates that, under these conditions, the critical
resolved shear stress for twinning is lower than the one for
slip and therefore austenite to martensite transformation is
promoted at the expense of slip.

Conclusions

In this research, martensitic transformation of AISI D2 tool
steel via continuous cooling to 173 K was investigated.
The following main conclusion can be drawn from this
investigation:

(1) Two distinct regions were identified in the dilato-
metry diagrams: (a) regular behavior where expan-
sion in the curve starts at M, and reaches the
maximum around 325 K; and (b) an atypical behav-
ior below 325 K where the dilatation does not follow
normal contraction or another expansion occurs.

(2) Kinetics study showed 15-22 % of martensite for-
mation, depending on the cooling rate, occurs
between room temperature and the cryogenic tem-
perature with only 1.5-3 % of non-transformed
austenite in the final microstructure.

(3) Microstructural analysis showed the concomitant
presence of lath and plate morphologies as well as
nano-twins.

(4) The occurrence of nano-twins was related to the
changes in the deformation mode of austenite
when austenite undergoes martensitic transforma-
tion between room temperature and cryogenic
temperature.

(5) M, temperature, microstructural heterogeneity, and
strength of austenite were found as effective factors
influencing the morphology of martensite.
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