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in the high strength steel X38CrMoV5-1 and estimation
of its influence on cleavage fracture
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Abstract

The crystallographic packet or microstructural unit was determined with 15° and 5°
boundary grain misorientations in a quenched and tempered X38CrMoV5-1 steel, yielding
results of 0.68 and 0.59 um, respectively. Though both values are similar, the latter has been
taken as the best to calculate the effective surface energy of cleavage fracture, vp, leading to
a value of 15.8 J m™2. Thus it is demonstrated that the microstructural unit controlling crack
propagation is that determined by EBSD with a 5° misorientation angle. Other structural
parameters, like the parent austenite grain size and the morphological martensitic packet,

have been ruled out.
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1. Introduction

X38CrMoV5-1 (H11) steel is widely employed in
hot forming applications such as pressure die casting
for light alloy injection. Its martensitic microstructure
presents a hardness ranging between 40 and 56 HRC
depending on the tempering temperature, which is
usually between 550 and 600 °C. Its most common ap-
plication is as hot work tool steel, but its high strength
makes it suitable for manufacturing safety parts that
require high strength (1400 MPa) and a minimum ab-
sorbed energy of 12 J [1].

In martensitic and also in bainitic transformations,
each parent austenite grain is transformed into one or
more martensitic packets, depending on the grain size
[2]. Martensitic nucleation is heterogeneous and takes
place at the austenite grain boundaries and defects
such as dislocations. The transformation ends when
the laths or plates reach the parent austenite grain
boundaries. Each packet is characterized by the for-
mation of thin parallel laths constituting a homoge-
neous group. The parent austenite phase and marten-

site constituent show a Kurdjumov-Sachs relationship
3, 4].

Each packet is further divided into parallel blocks,
each of which contains a group of laths with the
same or similar orientation. Since both the packet
and block boundaries are high angle boundaries, the
two constituents are considered to be effective grains
and to strongly affect the strength and toughness
of steels [5-8]. The martensitic packet size has also
been related to the unit crack path (UCP) [6], while
other authors consider the block size to be more rel-
evant in brittle fractures and crack propagation [8-
10].

Some authors have confirmed that the microstruc-
tural unit controlling cleavage crack propagation is the
crystallographic packet defined by electron backscat-
tered diffraction (EBSD) because crystallographic
packet limits with a certain misorientation angle are
able to stop microcrack propagation [11, 12] effec-
tively. Others have reported that a 10°-15° mis-
orientation between cleavage planes {100} correspond-
ing to two adjacent crystallographic packets could no-
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Table 1. Chemical composition (wt.%) of the steel used

Fe C Si Mn Cr Mo

\% Al P S N

Base 0.35 1.07 0.40 5.2 1.2

0.42 0.03

tably modify crack propagation in a brittle fracture
[13].

Cleavage fracture crack propagation in high
strength martensitic alloys has not hitherto been
widely studied. This paper seeks to analyze the brittle
fracture of these steels using EBSD to determine the
size of a martensitic crystallographic packet with 15°
and 5° misorientations in a hot rolled quenched and
tempered X38CrMoV5-1 steel. The influence of this
microstructural parameter on cleavage fracture is also
examined concerning Griffith’s theory.

In recent work, it has been shown that lost wax
casting, also known as investment casting or precision
casting, is not an appropriate method for the manufac-
turing of elevator safety system parts. Parts manufac-
tured by lost wax casting present micropores with an
approximately elliptic shape can cause a catastrophic
fracture in service by cleavage at stresses well below
the yield strength. Most of these parts do not pass im-
pact tests with 50 kN loads [14], whereas parts man-
ufactured by machining and with the same quenching
and tempering heat treatment pass all impact tests.

It was also established that the tensile mechanical
properties obtained, especially ductility and Charpy
impact toughness, are better than those achieved by
casting [15]. This work thus demonstrates that the
absence of micropores in the machined parts is what
allows them to pass the impact test with a load of
50 kN, and that crack propagation is controlled by the
nanometric crystallographic unit.

2. Materials and methods

In previous studies, the authors have shown that
parts manufactured by wax casting can be used as
safety components in equipment such as lifts, despite
the fact that dendritic microporosity can cause brit-
tle fracture at loads well below the yield strength [1].
In the present work, a X38CrMoV5-1 steel has been
manufactured by continuous casting and hot rolling
to obtain a 25 mm thickness porosity-free plate. The
chemical composition of this steel is given in Table 1.

As a result of a previous study involving the use
of dilatometry, it is possible to obtain the continu-
ous cooling transformation diagram and to determine
the tempering treatments needed to optimize the heat
treatment [16]. The optimal heat treatment consists of
annealing at 780°C for 1h and cooling in the furnace,
followed by quenching treatment from 1020°C for 1 h,

Fig. 1. Martensite microstructure. Some martensitic pack-
ets have been framed.

cooling in oil, and double tempering at 580°C for 2 h.
Microtexture analysis of this steel was carried out
by EBSD attached to SEM equipment (field emission
JEOL JSM 6500F). EBSD data was analyzed using
Channel 5 EBSD software. For orientation image map-
ping, the scan step was set at 0.08-0.1 wm and the area
inspected was 25.5 um x 20 um = 510 um?2.

Tensile tests were performed with a 100 kN MTS
servohydraulic unit according to standard ASTM
E8-04 with specimen dimensions of 6.3 mm diameter
and 25 mm gauge length. Charpy test specimens were
10 x 10 x 55 mm? in size with a V-shaped notch 2 mm
deep and a notch opening of 45°, following standard
ASTM E-23. All the tests were carried out at room
temperature.

3. Results and discussion
3.1. Microstructure analysis

The microstructure obtained is tempered marten-
site constituted mainly by small laths grouped in pack-
ets and some plates (Fig. 1). The parent austenite
shows an average grain size of approximately 80 pm
measured according to standard ASTM E-112. The
average martensitic packet size is shown delimited
by red lines in Fig. 1. The packet size is given by
I = V/Iily, where l; and I are the average packet
length and width, respectively.

The average value of | was calculated by observing
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Fig. 2. SEM image showing VCN precipitates.
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Fig. 3. Energy-dispersive X-ray spectrum of a VCN pre-
cipitate.

50 packets by optical microscopy, yielding a result of
29 um. The criteria followed to delimit a martensitic
packet is the parallelism or alignment of the marten-
site laths. In this case, the definition of a morpholog-
ical packet as defined by optical microscopy is used
instead of the definition of a crystallographic packet
as mentioned above.

A secondary phase of vanadium carbonitrides
(VCN) was observed by electron scanning microscopy,
as shown in Fig. 2. These precipitates, which are
spherical, are relatively abundant as a consequence
of the high percentages of vanadium and nitrogen
present in the steel.

The EDX spectrum of a precipitate is shown in
Fig. 3. The interaction volume of EDX analysis is
larger than the precipitate itself. So the EDX spec-
trum shows elements belonging to the chemical com-
position of the matrix as well as those corresponding
to the precipitate.

The precipitate size was measured over a popula-
tion of approximately 150 particles, and the results are
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Fig. 4. Frequency distribution of precipitate sizes (diame-
ter). Measured error < 3 %.

shown in the histogram in Fig. 4, where their diam-
eter ranges are between 0.1 and 0.7 pm. This distri-
bution is normal or Gaussian, and the Gaussian func-
tion is overdrawn. According to the Gaussian function,
the weighted average diameter measured was 0.37 pm.
The precipitate size is half the sum of two perpendicu-
lar diameters that were measured by zooming the PC
screen image 5 times in each micrograph. The error is
twice the unit of measurement (0.5 mm), which con-
sidering the scale and the screen zoom would be less
than 3 %.

3.2. Electron backscattered diffraction
(EBSD) analysis

In the EBSD technique, the distinction of grains
is based on the study of crystallographic orienta-
tions. This allows the microstructural units to be dis-
tinguished according to their misorientation through
a selected grain boundary, considering two adjacent
grains as different units [2].

EBSD analysis was carried out on heat-treated
tempered martensite specimens, as mentioned above.
The specimens were polished up to mirror condition
with colloidal silica. Two different grain boundary mis-
orientation tolerance criteria, 15° and 5° were con-
sidered. Figures 5a,b show the inverse pole figures,
denominated as orientation maps for the 15° and
Figs. 5c,d for 5° misorientations, respectively, which
allow the grain distribution to be studied.

The grain distribution is different when measured
by optical microscopy, where each grain distribution is
shown directly, or by EBSD, where it is measured by
misorientation. The latter technique is used by many
authors to calculate the size of the crystallographic
martensite packet.

Martensite laths with different orientations can be
developed from the original parent austenite grains,
especially at grain boundaries. However, some of the
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Fig. 5. Inverse pole figures (IPF) maps: (a), (b) misorientation 15°; (c), (d) misorientation 5°; (e) key for IPF maps.

laths may correspond to martensite laths coming from
other neighbouring grains outcropping in the metal-
lographic section used for EBSD measurements. As
this factor cannot be corrected, the average size of
martensite laths from EBDS measurements, calcu-
lated in Figs. 6 and 7, is underestimated with respect
to the true value. As expected, the average size of the
martensitic crystallographic unit decreases from 0.68
to 0.59 um when the misorientation criterion for dis-
criminating grain boundaries is varied from 15° to 5°.

Once martensite nucleates it is well known that its
length grows at rates near to the speed of sound. Thus

the relationship between the thickness and length of
martensite laths remains almost constant [17], and
their growth is halted by the plastic deformation pro-
duced during the transformation. The calculated val-
ues of between 0.59 and 0.68 um for the martensitic
crystallographic unit are a little higher than the av-
erage width of martensite laths, about 0.30 pm mea-
sured by optical microscopy. Thus it can be said that
the crystallographic martensitic packet size measured
by EBSD for a 15° misorientation is almost twice the
width of a single martensite lath.

For some authors, martensite laths may cause
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Table 2. Mean values of mechanical properties in tensile test and absorbed energy in the Charpy test

Yield strength (MPa) Ultimate strength (MPa)

Area reduction (%) Absorbed energy (J)

1273 1506 42 20
Uncertainty of yield strength and ultimate strength = 0.5 %
Uncertainty of absorbed energy < 3J
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Fig. 6. Frequency of crystallographic unit size at 15° mis-
orientation.
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Fig. 7. Frequency of crystallographic unit size at 5° mis-
orientation.

a brittle fracture, and in high strength steels like
X38CrMoV5-1, the fracture would be produced by
cleavage and would be transgranular [5].

3.3. Griffith’s equation application to cleavage
fracture

X38CrMoV5-1 tool steel has to withstand the high-
est stresses in hot-forging and die-casting applications,
where loading conditions are very complex and vary
from point to point on the tool [18].

The mechanical properties of the steel were deter-
mined in a tensile test. Ten specimens were prepared
with the optimized heat treatment mentioned above

Sample

Fig. 8. Yield strength and ultimate strength determined
for ten specimens.
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Fig. 9. Absorbed energy in Charpy impact test determined
for ten specimens.

and machined parallel to the rolling direction. Aver-
age values for yield strength, ultimate strength, and
area reduction are listed in Table 2. These values cor-
respond to the average of ten specimens tested. The
0.5% error is given by the measurement uncertainty
based on the calibration results carried out according
to the ISO 376 standard.

In addition to this, absorbed energy in the Charpy
impact test was determined for another ten specimens
and is shown in Table 2. As the steel was hot rolled, all
the micropores formed during dendritic solidification
disappeared, obtaining a compact material. The yield
and ultimate strength values are illustrated in Fig. 8,
while the absorbed energy in the Charpy impact test is
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plotted in Fig. 9. The uniformity of all the values is a
consequence of a uniform martensitic microstructure,
free of defects (cracks or pores) that may cause a sharp
decrease in mechanical properties.

The values in Table 2 are close to those found in
the same steel X38CrMoV5-1 by other authors with
the same or similar heat treatment conditions [19].
According to these values, the steel presents high
strength and absorbed energy of 20J, which is op-
timum for this type of steels. Nevertheless, this con-
tinues to be a low value, and the steel may, there-
fore, present cleavage or brittle fracture due to the
low plastic deformation. The uncertainty of the en-
ergy absorbed in the Charpy impact test is also given
by the calibration results, being < 3 J.

The general form of Griffith’s equation is [20]:

oo (i) o

where oy is the microscopic (local) cleavage fracture
stress at the tip of the microcrack, F is Young’s mod-
ulus, v is Poisson’s ratio (v = 0.3), 7, is the effective
surface energy of cleavage fracture, and d is equal to
the critical microcrack length for cleavage fracture.

The importance of Eq. (1) is basically due to the re-
lationship established between of and the square root
of the crack size. Other authors have also used Eq. (1)
to seek a connection between the microstructural unit
and “d”. For martensite laths, where a high dislocation
density may cause a brittle fracture without any plas-
tic deformation, some researchers accept a 7, value of
between 7-9 Jm~? [21, 22] while others increase this
value up to 14 Jm™2 [23]. On the other hand, it has
also been suggested that the cleavage fracture stress
o¢ could be used as an engineering notch toughness
parameter for specific materials to assess the integrity
of structures with notch defects [24].

The critical cleavage stress o¢ has been calculated
using the Treska criterion for a Charpy-V specimen
[25, 26], giving:

or = 2.180y, (2)

where oy is the uniaxial yield stress obtained in a ten-
sile test corresponding to 0.2 % proof stress (og.2).
Inserting in Eq. (2) the yield strength from Ta-
ble 2 (0y = 092 = 1273MPa), the value for oy is
2775 MPa, which is relatively high and corresponds
to a very small microstructural unit or defect. This oy
value is in accordance with the values calculated by
other authors for low C steels with a martensitic mi-
crostructure [21, 22, 26]. Finally, considering Eq. (1),
vp values are calculated for each different microstruc-
tural unit measured: the austenite grain size (because
grain boundaries remain after the martensitic trans-
formation), the morphological size of the martensitic

Table 3. Values of the effective surface energy of cleavage
fracture (7p) for several microstructural units

The energy
Microstructural unit of cleavage fracture v,
(Jm™?)
Austenite grain size (80 pm) 2267
Martensite packet (29 pm) 822
Misorientation 15° (0.68 um) 18.2
Misorientation 5° (0.59 um) 15.8

packet, and the crystallographic unit size determined
for 15° and 5° misorientations, respectively (Table 3).

For the calculation, Young’s modulus value of
205 GPa was used, which corresponds to the average
value for quenched and tempered hypoeutectoid steels
with a similar C content [27]. Thus, the effective sur-
face energy of cleavage fracture (v;) results, presented
in Table 3, show that the austenite grain and the
morphological martensitic packet cannot be the mi-
crostructural unit controlling the cleavage fracture in
quenched steels with a lath martensite microstructure.

Moreover, the unit crack path (UCP) is defined as
the region where the crack propagates as a straight
line [26]. The relationship between the UCP and the
microstructural unit (mu) where the crack is gen-
erated, presenting approximately the same size as
the unit and followed by its unit to unit propaga-
tion, has been studied by several authors. Values for
(UCP) /dpmy relationships, where dp,, was measured by
EBSD, vary from 1.2 for an upper bainite packet [25]
followed by an intermediate value of 1.3 for a polyg-
onal ferrite packet [28, 29] and 1.5 for a lower bainite
packet [30]. In the medium or high C steels, lower bai-
nite presents a similar toughness to that observed in
martensitic tempered steels. Therefore it seems logi-
cal to use the 1.5 relationship for this studied steel.
So, the UCP for a 5° misorientation would be in the
maximum range of 0.88 um.

Comparison of the results obtained in this study
with others obtained for bainitic microstructures [2]
shows that in the latter case the unit calculated by
EBSD with a 15° misorientation is the microstructural
characteristic controlling the crack propagation, caus-
ing a brittle fracture. However, in the present case,
the microstructural unit calculated with a 5° misori-
entation is close to the microcrack length, which will
cause a cleavage fracture, as the value calculated for
effective surface energy is 15.8 J m~2, very close to the
above mentioned 14 J m~2.

It is interesting to note that in bainitic steels with
an upper bainitic microstructure, the microstructural
characteristic or unit responsible for crack formation
and its propagation presents larger dimensions that in
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Fig. 10. Scheme of stress intensity at a microcrack tip and
a spherical precipitate.

this studied case, which justifies a higher toughness in
martensitic steels than in bainitic steels with similar
ultimate strength. Equation (1) has been used in this
study to determine the critical microcrack length that
propagates when subjected to loads, irrespective of
where the crack origin is located.

In this tempered martensitic microstructural steel
with approximately spherical VCN precipitates, Curry
and Knot [22] consider that crack nucleation will be
originated in the breakage of some precipitate, partic-
ularly the larger ones. Its propagation will be through
the matrix because the presence of precipitates is not
significant enough for the distance between them to
be equal to or less than the calculated microstructural
unit. Although the spherical shape of the precipitates
is different from the elliptic crack that nucleates in a
cleavage fracture, the simple scheme shown in Fig. 10
shows that although the local load increases at the
martensite/particle interface surface, it is less than
that found at the microcrack tip.

Figures 1la,b show several fractographs of the
fracture surface at different magnifications from the
Charpy test specimens. These images reveal a cleav-
age fracture where no voids can be seen, and this is
an indication that there was no plastic deformation.
In Fig. 11a some river marking is observed, a typical
sign of cleavage fracture.

Finally, it can be said that the reason that the ma-
chined parts have passed the elevator manufacturer’s
impact test with loads of up to 50 kN [14] is due to
the absence of micropores which were present in the
parts manufactured by lost wax casting.

4. Conclusions

Crack nucleation should originate in the breakage
of VCN precipitates, especially the larger ones. The
martensitic crystallographic unit size determined by
EBSD with a 5° misorientation controls crack propa-
gation in cleavage fracture. The microstructural unit

Fig. 11. Fracture surface of Charpy-V-notch specimen of
steel tested at 22°C: (a) fractograph and (b) SEM image.

or characteristic size is 0.59 um, giving an average
UCP size of approximately 0.88 um. Inserting this
value of 0.59 um in Griffith’s equation leads to an ef-
fective surface energy (7,) value of 15.8 Jm™2, very
similar to the values given by other authors. The other
microstructural parameters, like the parent austenite
grain size and the morphological martensitic packet,
yield such high v, values that they can be ruled out
as being responsible for crack formation and propaga-
tion.
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