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Microstructure and microtexture of forged 18 Ni C300 maraging steel at different solution
annealed temperatures were studied to show strain distribution associated with forged sur-
face distance. Samples were examined by Electron Back-Scattered Diffraction to characterize
the microstructural parameters such as grain sizes, grain orientation and boundary charac-
teristics throughout the forged samples at the surface, quarter depth and centre areas. The
results showed a grain refinement across the forging depth, without changing its hardness.
In addition, the textural variation was highly dependent on the value of local strain during
forging processing. A high number of grains oriented along {001} planes parallel to forg-
ing direction (FD) were formed close to the forged surface. While, {110}//FD and {111}//FD
texture fibres developed significantly by increasing the distance of forged surface.
© 2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

structure. These are mainly used in aerospace, military and
production tooling where excellent combination of mechan-
ical properties, toughness and good corrosion resistance are

Maraging steels exhibit a fully martensitic structure at solu-
tion treatment at any cooling rate because of a high amount
of nickel content and absence of carbon in body-centre cubic
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required [1-3].

Forgingis one of the common fabrication and forming tech-
nique in high strength steels including Maraging 18 Ni steels.
The forging process is characterized by the formation of het-
erogeneous microstructures along the forged surface contact.
For example, dead-metal zone at the top and bottom and
slip-lines generate by forging because of the friction at the
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interface between the specimen and the forge dies. The fric-
tion prevents radial expansion in contact with the die [4,5].
These are resulted of non-uniform distribution of stresses and
strains during the process at different distance of forged sur-
face. Furthermore, forging process in Maraging 18 Ni steels
produces refinement of the martensite microstructure, par-
ticularly when the phase transformation from austenite to
martensite occurs from a work-hardened austenite. An accel-
eration of the precipitation and reverted austenite formation
kinetics are induced in the ausformed martensite also hap-
pens during the forging process of Maraging steels [6]. Itis well
known that the microstructure changes such as prior austen-
ite grain size and precipitations influence the mechanical
properties of maraging steels [2,7,8]. Hou et al. [9] studied the
effect of solution-annealing treatment on reverted austenite,
prior austenite grain size, and its effects on final mechanical
and fracture absorbing energy behaviour. They showed that
the extreme grain growth occurred during solution-annealing
above 950°C, and dropped the mechanical and toughness
properties. In addition, the Nis(Ti,Mo) precipitates have a sig-
nificant influence on the strength and toughness [10]. Li et al.
[10] reported that Nis(Ti,Mo) precipitate and reverted austenite
are the critical factors influencing the strength and tough-
ness. The Nis(Ti, Mo) precipitate in the weld metal improves
the strength of welded joints as its volume fraction increases.
The reverted austenite in grain boundaries is harmful to the
toughness of welded joints, while the reverted austenite in the
matrix is beneficial to the toughness of welded joints because
of its finely dispersive distribution and its ability to prevent
crack propagation. Increasing the amount of reverted austen-
ite in the matrix is an effective way to improve mechanical
properties [10].

The effect of microstructural, crystallographic orientations
and grain boundary distributions on mechanical properties is
well studied [11-13]. In addition, the levels of induced defor-
mation across the forging direction of samples can have a
remarkable effect on developing shear bands and final prop-
erties. The aim of the current study was to understanding the
effect of strain distribution on microstructure and microtex-
ture evolutions at different distance from forged surface.

2. Material and experimental procedures

The material used in the present study was taken from a
20 mm thick disc with 170 mm diameter. The chemical compo-
sition of the alloy 18Ni C300 maraging steel is listed in Table 1,
given by CTM-SP. Prismatic samples were cut out from the
disc and then machined to the dimensions 10 x 55 x 15mm.
Then, the samples were solution annealed at 950 and 1100°C
temperatures for 1h followed by water quenching. Solution
treatment was performed at two different temperatures to
estimate the effect of prior austenite grain size in the forg-
ing process. In order to prevent the formation of Nis(Ti,Mo)
precipitates that would facilitate crack formation during hot
deformation, forging was conducted at 350 °C. So the solution
treated samples were heated at 350°C for 30 min and then
warm forged between flat dies surfaces by uniaxial compres-
sion without lubrication, in a 150 Ton friction drive screw, to

Table 1 - Chemical composition of 18Ni C300 maraging
steel.

Ni Co Mo Ti © S Fe

%wt 1841 935 5.04 078 0.008 0.0011 Balance

achieve a height reduction of 30%. Immediately the samples
were water quenched after forging processing.

To estimate the effect of strain distribution on forged condi-
tions, microstructural parameters such as microstructure and
hardness were analyzed at different distance from forged sur-
face. Additionally, Electron Back-Scattered Diffraction (EBSD)
was utilized to aid in better understanding the evaluation of
crystallographic orientation changes along forging direction.

Both forged samples were sectioned along central plane
perpendicular to the forging axis. The sectioned samples were
mounted in Bakelite and prepared following standard grinding
up to 1200 grit paper, then polished with 3 and 1 pm diamond
paste and final 0.04 pm colloidal silica polishing for a period
of 90min. EBSD examination was carried out on a FEI XL30
Scanning Electron Microscope (SEM) equipped with Oxford
Instruments HKL Channel 5 data acquisition and analysis soft-
ware. An operating voltage of 25kV was used to optimize the
diffraction patterns of BCC martensite Kikuchi pattern. Three
EBSD scans of the forged material at the surface, quarter depth
and centre were performed. For each EBSD examination an
indexing rate of at least 65% was achieved. The EBSD data was
analyzed for grain size, boundary characteristics and crystal-
lographic texture using MTEX - free and open source software
toolbox and Channel 5 data acquisition. The Vickers hardness
(HV) testing was conducted ataload of 1kgfand a holding time
of 15, according to ASTM E384 standard, using a SHIMADZU
HMV2 Vickers hardness instrument. The measurements were
carried out on the same regions of the EBSD maps.

3. Results

Shear band with crack were formed at surface contact and
grown approximately 45° inclined to the contact-forged sur-
face through the several grains in both samples subjected to
different annealing temperatures followed by forging at 350 °C.
Figs. 1 and 2 show the microstructure changes as a function
of surface distance in both specimens. Additionally, it can be
seen a presence of a crack in the shear band for both condi-
tions.

In order to obtain a comprehensive understanding of
the microstructural evolution and grain orientation changes
across forging direction, EBSD examinations were conducted
on the three regions (indicated at A, B an C in Figs. 1 and 2)
throughout the forged samples at different distance from
forged surface. Normal direction orientation image maps
(OIM) parallel to the forging direction (FD) for three different
regions of both sample (i.e., surface (A), quarter depth (B), and
centre (C)) are presented in Fig. 3.

The variation of average grains sizes and microhardness
as a function of surface distance of both forged samples is
shown in Fig. 4. Coarser grains were observed in A1100F350
sample due to the growth of austenite grains at higher
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Fig. 1 - Optical and scanning electron images of A950F350 sample as a function of surface distance.

annealing temperature which is consistent with Hou et al. [9]
and Lima Filho [14] results. Regions close the surface showed
the lowest hardness and gradually increased with surface
depth. A fine grain size was formed in A950F350 (about 17%)
rather than A1100F350 sample (about 40%).

Fig. 5 presents the variation of boundary distributions of
both specimens as a function of surface depths. A tendency of
a gradual increase in HABs from surface to centre region and
a decrease in the low angle boundaries (LABs) were observed
in both forged samples with different annealing temperatures
due to grain refinement by strain-induced grain via warm forg-
ing.

Furthermore, Kernel average misorientation (KAM) analyz-
ing to estimate the induced-strain distribution during warm
forging was analyzed by EBSD data to characterize dislocation
tangles in within the individual grains [15], Fig. 6. A grad-
ual decrease in low Kernel frequency and increases in high
KAM frequency of A950F350 are in agreement with increasing
with increasing the number of grain boundaries due to grain
refinement. However, a slight decreasing followed by intense
increasing in high KAM values was calculated in A1100F350
sample. This behaviour can be explained by formation of
new random grains from sub-grains due to absorbing the
dislocation. Thus, increasing the misorientation angle inside
the grain led to grain fragment and formation of new grains
[16,17].

Accurate retained austenite grains orientation of all inves-
tigated samples were calculated and presented by ODF at
constant ¢, =45° in Fig. 7. The crystallographic texture ori-
ented (001)[010] was identified in A950F350 sample, and,
(001)[230] and (113)[121] with approximately 5° deviation from
ideal {001} fibre were characterized in A110F350 sample. In
general, the {001} grains parallel to forging direction (FD) were
characterized in region A, closed the contact surface. How-
ever, the formation of (111)[101] corresponding the dense BCC
plane and direction can facilitate dislocation slip. The ODF
calculation revealed the presence of (111)[321] and (110)[111]
orientation at region B of sample A950F350 and A1100F350,
respectively. However, a wide distribution of grain orien-
tations can be distinguished in A950F350 sample. As it is
expected the similar crystal orientation was developed in
region C which suffered more deformation. (111)[110] orienta-
tion was predominant of both samples as a main slip system
in BCC materials due to warm forging. Moreover, (221)[134] and
(112)[132] were intensified in A1100F350 sample.

4, Discussion

Warm forging at 350°C with reduction to 30% led to the for-
mation of shear bands that passed through several grains
in both solution treatment conditions. The friction at the
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Fig. 2 — Optical and scanning electron images of A1100F350 sample as a function of distance surface.

interface between the specimen and the die prevents radial
expansion of material in contact with the die. Consequently,
a dead zone was developed because of this restriction. A
considerable variation in effective strain across forging direc-
tion was induced during forging operation. No correlation
was found between shear band and crack propagation with
precipitates.

The orientation image maps allowed estimating the strain
distribution as well as the level of friction during forg-
ing processing. This technique allows estimating the strain
distribution using diverse methods such as Kernel average
misorientation (KAM) and variation of distortion lattice via
point to point misorientation.

Grain size is one of the outstanding microstructural charac-
teristics to determined mechanical properties associated with
Hall-Petch [18,19] relationship where strength is inversely
dependent on the square root of grain size. Linear intercept
technique from optical or scanning electron microscope (SEM)
images widely used, which have influenced the manual mea-
surements and subjective interpretation of grain boundary
positions associated with the change of contrast due to the
etching [20]. EBSD method is an alternative technique that
can easily evaluated the grain sizes based on crystallographic
orientations of neighbouring crystal and determined the
grain boundaries when point-to-point misorientation angle is
greater than 15° (and phase boundaries by variation of Kikuchi
diffracted pattern) [21]. Presence of the coarser grains at the
regions close to the forging surface is associated with low

effective strain due to friction effect. Thereby, grain refinement
was sluggish at these regions in comparison with the centre
zone (area C) with higher levels of deformation. In addition,
an inverse relationship was presented between microhard-
ness and average grain size in both specimens which is in
agreement with Hall-Petch theory.

Grain boundary characteristics determined by crystallo-
graphic orientation and interfaces of neighbouring grains are
an effective method to predict mechanical behaviour to pre-
vent grain boundary degradations (i.e., grain boundary sliding
[12], segregation-induced embrittlement [13]). It is reported
that high angle boundaries with great misorientation angles
at neighbouring crystals have higher internal energy, which
considered as preferred path for crack propagation [14,15].
However, coincidence site lattice (CSL) boundaries as HABs
with special number of coinciding lattice points have low
energy orientation dependence grain boundary have higher
intergranular crack resistance than high angle boundaries
[16,17]. The increase in the HABs can be associated with the
higher strain accumulation in centre regions than close to
surface areas due to formation the dead zone. In addition,
Semiatin et al. [22] reported that the continuous dislocation
absorption in subgrain boundaries occurs during material
undergoes deformation, resulting in the grain refinement and
formation of new set of grains with increasing the number
of HABs. Although good lattice consistency of CSL boundaries
can control mechanical behaviour, no significant variation was
characterized using EBSD data.
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A1100F350 forged samples.

The KAM of each point is calculated as the average misori-
entation angle between each pixel and its specified number
(first neighbouring pixels, in this paper) of nearest neighbour
or pixels in 2D EBSD data. Moreover, a threshold value for
misorientations of maximum 5° was applied to remove the
contributions of grain boundaries and intra-granular strain
caused by interstitial supersaturation [18,23]. In general, KAM
analyzing can provide better extermination of localized strain

distribution due to dislocation cell and sub-grains associ-
ated the reference orientation deviation. Low KAM values
(KAM<1°) indicate the presence of low internal grains with
low internal energy due to very low number of dislocations
within the grain. However, high Kernel amounts (KAM > 3°)
are mainly considered the strain accumulation, dislocation
walls, and dislocation structures near grain boundaries. More-
over, this strain amplitude promotes expansion of the wall-cell
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dislocation structure towards the grain interior [19]. In addi-
tion, high KAM values reveal the presence of abundant LABs
accompanied by the significantly lattice distortion, represent-
ing higher dislocation densities and internal energy. Thus,
remarkable deviation of lattice orientation by rotations due
to the interface lattice misfit is expected.

Cristal Orientation controls the mechanism of plastic
deformation by crystallographic dislocation slip. Sainath
et al. [24] and Blondé et al. [25] reported the grad-
ual increasing in yield response by means of the ori-
entation dependence from the interatomic forces, i.e.,
YS(<100)) <YS(<102)) <YS(<110)) < YS(<112)) < YS(<111)). The orientation
distribution function (ODF) is a mathematical function under-
lying statistical method using Kernel density estimation
describes the frequency of occurrence of particular crystal
orientations in a three dimensional Euler space [26]. A con-
ventional description of an orientation in the form {hkl}(uvw),
which {hkl} indicates a specific plane parallel to the forging
plane and (uvw) presents the direction parallel to the forg-
ing direction. It is notable that, sample annealed at 1100°C
had recognizable crystallographic texture due to larger grain
sizes. The presence of (221)[134] and (112)[132] orientations
in A1100F350 sample could be associated with nucleation
of new grains due to transformation of low angle or sub-
grain boundaries into high (random) boundaries, which was

explained in boundary and KAM distributions. It is worth
mentioning that the {112} planes as dense atomic planes in
BCC structure can facilitate dislocation loop and dislocation
multiplication [27,28]. In addition, Raabe explained [29] that
the adequate slip systems, which were activated by exter-
nal strain state, reduced due to their geometrical orientation
dependence applied force. While, the abundant dislocation
densities enhanced crystallographic defects to occurrence
of mesoscopic inhomogeneities such as micro- and shear
bands. It could be concluded that the orientation changes
from {001}//FD components at region close to the sample sur-
face into {110}//FD and {111}//FD particularly at the centre of
the forging, indicated a dominant shear deformation texture
accompanied with more intense induced-strain.

5. Conclusions

A complete characterization of the microstructural parame-
ters throughout the forged samples with different solution-
annealed temperatures was carried out. The following
conclusions are made base on the analysis:

o The results clearly show that the strain distribution dur-
ing forging greatly effects on the microstructure and texture
evolution through the materials.
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e No correlation between the formation of shear or deforma-
tion bands during warm forging with localized deformation
and compositional inhomogeneity were found.

¢ Close to the surface where strain is a minimum, grain refine-
ment was sluggish in comparison with the centre of the
forging blank with higher levels of deformation.

e An increase in hardness is shown on the three regions
towards to the centre for both solution temperatures. This
behaviour was not significant in the condition of the low-
est solution temperature. However, only the centre regions
have a true difference between the conditions.

o The results showed that the temperature of solution treat-
ment in maraging steels does not have a significant effect
in hardness, besides of promoting a grain growth.

The warm forging at 350 °C could not avoid formation high
dislocation density bands and dislocation accumulation by
recovery.

The {110}//FD and {111}//FD fibres increased with depth,
whilst {001} decreases.

The lowest levels of strain are seen close to the surface
with the least dislocation tangles amount, then gradually
increasing to reach a maximum at the forging centre where
a number of dislocation tangles are greatest.
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