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The effect of different solution annealing temperatures on the hardness, impact toughness and crystallographic
orientation of high strength martensitic 300 grade maraging steel was investigated. The results showed that
the solution annealing temperature has a significant influence on the impact toughness energy because of the en-
gineering of the crystallographic textures. The impact toughness improvedwith increasing intensity of the {111},
{112} and {110}//ND (normal direction)fibres up to approximately 1000 °C in solution annealing. The Charpy im-
pact energy reached a maximumwithout any significant loss in hardness for the discussed conditions. However,
solution annealing at 1100 °C developed an undesirable rotated cubic texture component because of the recrys-
tallised cubic component in the austenite grains, which led to a significant reduction in impact toughness energy.
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1. Introduction

High strength martensitic 300 grade maraging steel with minor ad-
ditions of titanium, aluminum and chromium exhibits an excellent
combination of strength and toughness by the precipitation hardening
mechanism during solution treatment and subsequent aging [1,2].
These alloys have been widely used in many industrial applications,
such as aerospace, high-performance shafting, electric motors and air-
craft. Furthermore, the production of magnets for high-speed rotors is
one of the main applications of these steels. However, the magnetic
properties generally cannot be combined with desirable mechanical
properties [3].

Heat treatment processing plays a significant role in controlling the
mechanical properties of high strength 300grademaraging steel. Signif-
icant attention has beenpaid to investigating the effect of solution treat-
ment and aging behaviour of these steels over recent decades [4–6].
Hardening treatment of these steels consists of solution annealing
followed by an aging processing for 1–4 h. It has been reported that
the highest yield stress levels are achieved after aging for 1 h at 480 °
C, due to the precipitation of intermetallic compounds, such as Ni3Ti,
Ni3Mo, Fe2Mo and Fe7Mo6 [7,8]. In general, the formation of reverted
austenite during aging improves the tensile and toughness properties
[9,10]. It is expected that metastable retained/reverted austenite leads
to larger elongation due to the austenite to martensite transformation
during deformation [11,12]. The volume fraction and morphology of
the retained/reverted austenite can also affect the final mechanical
.

propertieswhich depend on the time and temperature of the heat treat-
ment. Since the mechanical behaviour and deformation mechanisms of
steels are extremely dependent on the initial texture, it is important to
evaluate the mechanical behaviour and microstructural evolutions of
these steels under different aging temperatures.

In maraging steels, the austenitic structure transforms to a body
centred cubic (BCC) martensite by shearing, which is it softer and
tougher than the ordinary body centred tetragonal (BCT) martensite,
during cooling even when the cooling rate is very low [13]. The mecha-
nism of martensite formation in iron-nickel alloys has been studied in a
great number of works [14–16]. Unlike the austenite-ferrite changes in
common steels, maraging steels containing at least 18% Ni do not de-
compose into equilibrium austenite and ferrite at around 450 °C. In-
stead, with further cooling, the austenite transforms to martensite
with a BCC structure. Also, maraging steel with very low carbon content
and several percent titanium tends to precipitate any traces of these in-
terstitials in the alloy, thus removing them from the solid solution [17].
The lattice distortion in the structure leads toweakening of the covalent
bonds, especially in the {001} planes with a low number of nearest
neighbours and low dense atomic packing planes. As a consequence,
grains orientedwith {001} provide an easier path for crack propagation,
leading to a significant reduction in toughness. In BCC steels, the
{001}〈110〉 (rotated cube) texture component in the ferrite phase is
generated from the recrystallised {001}〈010〉 (cube) component in the
austenite phase, which is known as a cleavage plane [18,19]. Alterna-
tively, based on dislocation theories and Taylor factor analyses, it has
been shown that crystallographic orientations associated with {110},
{111} and {112}, corresponding to the close-packed plane in the BCC
structure, show higher mechanical and toughness properties [20,21].
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Therefore, particular attention to crystallographic orientations is re-
quired to obtain excellent mechanical properties.

Crystallographic orientations and grain boundary characteristics can
influence the Charpy impact energy. Texture can increase the toughness
by providing enough available slip systems to enhance dislocation
movement to improve ductility [22]. Grain boundaries can act as obsta-
cles to crack propagation, while the undesirable cleavage {001}//ND
grains facilitate crack propagation and decrease the toughness. The
main purpose of the present investigation was to determine the influ-
ence of the preferred crystallographic orientations on the toughness
fracture properties in high strength martensitic 300 grade maraging
steel under different solution annealing temperatures. Experimental re-
sults demonstrate that the fracture toughness and hardness behaviour
were influenced by some metallurgical parameters, such as the prior
austenite volume fraction, grain size and crystallographic orientations.

2. Materials and Methods

An ingot of high strengthmartensitic 300 grademaraging steel, pro-
duced by a vacuum inductionmelting process (VIM), followed by a vac-
uum arc refining process (VAR), was used in this work. The chemical
composition of the steel is given in Table 1. The top and bottom of the
ingot were cut and the surfacewasmachined to remove surface defects.
The ingotwith a diameter of 250mmwasfirstly forged down to a round
bar, 150 mm in diameter. Rectangular materials with 30 mm thick-
nesses were cut from the bar and hot rolled at 1000 °C to sheet with
10 mm in a thick sheet. Next, the rolled sheet was cut and subjected
to different solution annealing treatments at temperatures of 860, 900,
950, 1000, 1050, 1100 and 1150 °C for 1 h, followed bywater quenching
to room temperature. Then, aging for 3 h at a temperature of 480 °Cwas
conducted to produce a fine dispersion of Ni3Ti intermetallic phases
along dislocations left by the martensitic transformation [23,24] to pro-
vide an excellent combination of mechanical and toughness properties.

The microstructural examination was performed using a ZEISS Axio
Imager 2 on the rolling plane of the specimens. The samples were
ground using SiC papers up to 1200, polished with 6, 3 and 1 μm dia-
mond paste and finally etched with an ammonium persulfate
((NH4)2S2O8) reagent to reveal the structure. Moreover, the samples
were etched by 2% Nital to reveal the prior-austenite grain boundaries.
The evaluation of the average grain size was completed by measuring
the diameter of the equivalent area with individual grains using
Image-Pro software on anOlympus optical BX51Mmicroscope. Further-
more, Vickers micro-hardness measurements were performed on the
specimens.

The Charpy impact test on rectangular sub-sized Charpy V-notch
specimens parallel to the transverse direction of
55mm× 10mm× 7.5 mm (transverse × rolling × thickness direction),
which was expected to be the lowest Charpy value, was conducted at
room temperature by a WPM Leipzig pendulum impact tester of 500 J
capacity (model: PSd 150,Markkleeberg, Germany). Then, X-ray diffrac-
tion (XRD) using a Panalytical X-Pert diffractometer equipped with
monochromatic Cu Kα radiation was performed at mid-thickness of
the specimens to investigate the reverted austenite in the specimens.

To study the role of crystallographic orientation on the plastic defor-
mation at various solution annealing temperatures, the orientation dis-
tribution function (ODF) at mid-thickness of the specimens was
analysed. Three incomplete pole figures, i.e. {110}, {200}, and {211},
were obtained in the reflection mode on a 5° grid up to an 85° sample
tilt. Then, the related ODF was determined by MTEX – free and open
source software toolbox. The electron backscatter diffraction (EBSD)
Table 1
Chemical composition of high strength 300 grade maraging steel.

Element Ni Mo Co Ti Al C Mn Si Fe

wt.% 18,4 5,04 9,35 0,76 0,12 0,01 0,02 0,05 Bal.
measurements were conducted in a plane perpendicular to the trans-
verse direction of the sheet. EBSD data were acquired using a Phillips
XL30 scanning electronmicroscope operating at an acceleration voltage
of 20 kV, sample tilt angle of 70°, working distance of 12 mm and a
0.5 μm step size. HKL Channel 5 software was used to analyse the
EBSD data.

3. Results and Discussion

3.1. Microstructure and Hardness

The optical micrographs of specimens under different solution an-
nealing treatments for 1 h, followed by aging at 480 °C for 3 h, are
shown in Fig. 1. The BCC martensite formed by shear deformation due
to rapid cooling of the austenite phase was found in themicrostructure.
The microstructures also demonstrate packets of lath martensite with a
high dislocation density that is typically formed in these steels during
solution annealing, followed by aging treatments. The purpose for dif-
ferent solution annealing temperatures was to obtain the different par-
ticle dissolution conditions and lath martensite types and regions of
dislocation cell-typemartensite due to the variation of the prior austen-
ite grains. It was observed that the prior austenite grains significantly
grew by increasing the solution annealing temperature. This can influ-
ence themartensite transformation and results in significant differences
in the microstructure and mechanical properties, as shown later in the
manuscript.

The effect of solution annealing temperature on the prior austenite
grain size and hardness is shown in Fig. 2. The results demonstrated
that the grain growth of the prior austenite grains was negligible up to
1050 °C, while a significant grain growth was observed at solution an-
nealing temperatures higher than 1100 °C. It is known that grain growth
are controlled by grain boundary pinning and finely dispersed second
phase particles [25]. It is well-known that a new set of austenite grains
formed at a large number of sites during annealing, especially at grain
boundaries. Since the austenite transformation was completed, the av-
erage grain sizes of austenite increasedwith solution annealing temper-
ature, from about 6 μm to 190 ± 15 μm for 860 to 1150 °C annealing
temperatures, respectively. At the grain growth step, some larger aus-
tenite grains kept growing at the expense of the smaller ones, leading
to a decrease in the number of grains. However, the reduction in total
grain boundaries in austenite grains provides a driving force for the
grain growth [26]. The precipitation hardening mechanism was elimi-
nated due to the second phase dissolution during annealing at very
high temperature.

Fig. 2b presents the variation of hardness on different solution an-
nealing temperatures. The hardness decreased generally with increas-
ing prior austenite grain sizes by increasing the annealing
temperature, which is in agreement with the Hall-Pitch relationship re-
garding the concept that grain boundaries hinder dislocation move-
ment. However, a peak in hardness in the 1000 °C solution was found.
Then, the reverted austenite characterised during solution annealing
at 1150 °C, followed by aging treatment, enhanced the hardness reduc-
tion, as shown in Fig. 2b.

3.2. Charpy Impact Energy

Fig. 3 presents the results of the Charpy impact energy tests carried
out on the investigated samples. The results showed the impact energy
dependence on the temperature of the solution annealing treatment.
According to the Hall-Pitch equation, smaller grain sizes possess higher
resistance to brittle cleavage fracture since grain boundaries are effec-
tive barriers to thepropagation of brittle fractures [27]. Although, the re-
sults of the impact test proved the existence of an optimum solution
annealing temperature in the energy of the impact test. This energy
was increased gradually to reach a maximum at 1000 °C, then, a slight
decrease was observed at 1050 °C, and the energy of the Charpy impact



Fig. 1.Micrographs of specimens at different solution-annealing temperatures at, a) 900 °C, b) 950 °C, c) 1000 °C, d) 1050 °C, e) 1100 °C, and f) 1150 °C for 1 h, followed by aging at 480 °C
for 3 h.
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energy test dropped dramatically to the minimum amount. Finally, so-
lution annealing treatment at 1150 °C leads to an increase in the
absorbed energy during the Charpy impact energy test due to the
retained austenite phase formation.

XRD analysis was conducted in the centre region of the specimens to
provide information about the microstructure and phase transforma-
tion (Fig. 4). The steel was completelymartensitic at room temperature,
up to a solution annealing temperature at 1100 °C. The XRD patterns ob-
tained from the sample treated by 1150 °C solution annealing illustrated
that about 20% retained austenite was found in this condition without
transforming into martensite during water quenching. Podder et al.
[28] reported that solution annealing higher than a critical temperature
leads to a redistribution of alloying elements between the martensite
laths and austenite phase dispersed. The enrichment austenite phase
of Ni, carbon and other alloying elementswas developed by the dissolu-
tion of the precipitates in the matrix. Therefore, the martensite start
(Ms) temperature shifts to below room temperature at higher concen-
trations of alloying elements. This soft austenite phase absorbsmore en-
ergy generated by the Charpy test and increases the ductility. In other
words, retained austenite in the matrix transforms partly or entirely
to martensite because of the transformation induced plasticity effect
[29,30] during the Charpy test. Finally, the austenite phase remains
Fig. 2. (a) prior-austenite grain sizes and (b) Vickers micro-hardnes
stable at room temperature after water quenching. This phase transfor-
mation and development of the hardmartensite phase led to increasing
toughness.
3.3. Texture Evolution

As a result of the similar microstructures obtained from all treat-
ments, the variation in Charpy energy may result in differences in the
crystallographic textures produced via different solution annealing
temperatures. Therefore, macrotexture measurements were carried
out at the mid-thickness of specimens and the related ODF at φ2 =
45° are presented in Fig. 5. The results demonstrated that the solution
annealing temperature range of 860 to 1000 °C developed the {110},
{111}//ND fibres through thematerials. It is believed that grains orient-
ed with {111} and {110} have higher strengths and mechanical proper-
ties due to activated slip systems in the BCC structure [31]. Therefore,
the good toughness in these solution annealing conditions is expected
to develop the desired texture components. It is worth mentioning
that the {112} 〈110〉 component was produced by shear deformation
due to the water quenching at elevated temperatures in the austenite
grains. The solution annealing at the FCC austenite phase with low
s measurements on different solution-annealing temperatures.



Fig. 3. Charpy impact energy on different solution-annealing temperatures.
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stacking fault energy (SFE) developed {110}//ND fibre components,
spreading from {110}〈443〉 to {110}〈1115〉, which is about 5° away
from the ideal orientation of the Goss component ({110}〈001〉) rotated
about the normal direction [32]. Thus, a dislocation gliding on {110}
planes dominated in this range of solution annealing temperatures.

Crystallographic analysis demonstrated that thedominant {001} and
{110}//ND fibre components developed under solution annealing at
1100 °C. Tóth et al. [33] reported that the {100}〈010〉 (cube) component
is dominant in the austenite phase due to low SFE, transforming into the
{100}〈110〉, {100}〈110〉, {110}〈110〉 and {110}〈001〉 (rotated cube, Goss
and rotated Goss, respectively) components. The harmful effects on the
discussed crystallographic orientation on a reduction of fracture tough-
ness and mechanical properties were reported. The close random tex-
ture appearing as a result of solution annealing above 1150 °C may
cause high grain growth in the austenite phase. Recently, Kubota et al.
[34] studied the recrystallisation behaviour of 0.55C (wt.%) steel. They
suggested that the FCC-austenite to BCC-martensite transformation
causes the compression parallel to a 〈100〉 direction, the main
orientation of the martensite particles was approximately parallel to
an FCC 〈110〉 direction [35]. This fibre became weaker during the
recrystallisation of the austenite phase.

It could be concluded that the increase in the toughness behaviour
was associated with increasing the orientation of {111}, {112} and
Fig. 4. XRD pattern of sample showing ferrite, retained austenite on diff
{110}//ND. Further, it is in agreement with the observation of the
Young's modulus of steel, in which the 〈111〉 direction has the highest
modulus of iron [36]. It is notable that the 〈112〉 direction is very close
to the 〈111〉 direction. In contrast, the {001}//ND preferred cleavage
planes in steels have the lowest modulus, decreasing the Charpy energy
in the specimen solution annealed at 1100 °C.

3.4. EBSD Studies

The EBSD technique provides efficient data of the geometry of the
lattice planes in the crystal, crystallographic orientation of the grain,
grain boundaries and any other interesting information for better un-
derstanding the behaviour of the crystallographic structure during pro-
cessing. In order to provide precise information about decreasing the
toughness above 1000 °C solution annealing, EBSD measurements
were carried out in two annealed specimens at 1000 and 1100 °C.
Fig. 6 shows EBSD orientation maps of the specimens. The medium
angle grain boundaries (MAGBs) with a point-to-point misorientation
between 5 and 15° and high angle grain boundaries (HAGBs) with mis-
orientations N15° aremarked as thin and thick black lines. The effects of
different solution annealing temperatures on individual grain orienta-
tions, local texture and point-to-point misorientation angle were inves-
tigated separately as follows.

The orientation of grains in the specimens was demonstrated by
normal direction inverse pole figures in Fig. 7. Fig. 7a showed the devel-
opment of {112} and {113}//ND texture components in the EBSD analy-
sis on the specimen annealed at 1000 °C. The results were in agreement
with previous findings on macro-texture studies, which showed that
the {112} crystal plane, close to the compact 〈111〉 direction in the
BCC lattice provided the good toughness properties. Conversely, the re-
duction in impact toughness test at 1100 °C was related to the increas-
ing number of grains oriented with {001} planes parallel to the normal
direction (Fig. 7b). It was shown that the strengthening of the undesir-
able components led to a reduction in fracture toughness. Therefore, the
presence of grains oriented along {001}//ND promotes brittle behaviour
during crack initiation and reduces ductility.

It is worth mentioning that the adjacent grains have different lattice
orientations (misorientation) in tempered martensitic structure can
control the energy of toughness [37]. Since dislocations cannot move
by changing directions, the pile ups dislocation at grain boundaries hap-
pens, thus, the local stress concentration in the vicinity of grains is
formed leading to provide an easier path for crack propagation. It is gen-
erally believed that low angle grains boundaries (LAGBs) with less
stored energy show higher resistance to crack nucleation and
erent solution-annealing temperatures followed by aging at 480 °C.



Fig. 5. ODF at φ2 = 45° for a) 860, b) 1000, c) 1100, and d) 1150 °C solution-annealing temperature.

Fig. 6. EBSD orientation maps for (a) 1000 °C and (b) 1100 °C solution-annealing temperature.

Fig. 7. Inverse pole figures for (a) 1000 and (b) 1100 °C solution-annealing temperature.
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Fig. 8. Grain boundary distribution 1000 and 1100 °C solution-annealing temperature.
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propagation, while HAGBs have lower resistance to crack formation due
to the stored energy because of the higher incompatible lattice fit. How-
ever, the correlation of MAGBs and special grain boundary (CSL) distri-
bution in specimens was negligible (Fig. 8). Recently, Gottschalk et al.
[38] reported that the mismatch in the slip systems in adjacent grains
may affect the deformation mechanism. From Fig. 8, it is observed that
both annealing conditions showed a high volume of LAGBs. However,
the grain boundaries in solution annealing at 1000 °C related to {112},
{113} and {110} (which are close to compact directions in the BCC lat-
tice) hadmore resistance against the crack formation and failure behav-
iour, while LAGBs were observed in solution annealing at 1100 °C
associated with the cleavage {001} planes, thus low toughness was
found. In other words, more slip systems are expected to activate to fa-
cilitate dislocationmovement, leading to improving ductility behaviour.

4. Conclusions

The effects of crystallographic texture, retained austenite and prior
austenite grain size on the energy of the impact test in high strength
martensitic 300 grademaraging steel, subjected to different solution an-
nealing temperatures, have been studied. The principal conclusion that
can be drawn from the results is that it is feasible to improve the Charpy
impact energy using crystallography texture control.

- The Charpy impact energy reached themaximumat 1000 °Cwithout
a significant loss in hardness.

- The energy of the Charpy impact test was increased with increasing
{111}, {112}, and {110}//ND texture fibres up to approximately
1000 °C.

- Solution annealing at 1100 °C developed an undesirable rotated cubic
component, leading to a significant reduction in impact toughness.

- Solution annealing at 1150 °C caused about 20% retained austenite
that toughness performance relatively improved associated with
work-hardening of retained austenite and austenite to martensite
transformation even though the hardness decreased.

- The grain boundarieswhich are close to compact directions in the BCC
lattice, such as {112}, {113} and {110}, showedmore failure resistance
rather than the boundaries related to the cleavage {001} planes.
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