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EffEct of HIP trEatmEnt on tHE EvolutIon of tExturE and mIcrostructurE  
of lBPf faBrIcatEd PurE ni

Microstructure and texture analysis were conducted employing electron backscatter diffraction (EBSd) technique on laser 
powder bed fusion (LpBF) fabricated pure ni. The texture analysis of the hot isostatic pressed (hip) and as-printed (ap) samples 
were done utilizing orientation distribution function (OdF) maps. The ap sample comprises mostly of <110>||Bd fiber texture with 
insignificant presence of twins. in contrast, the hip sample has <111>||Bd grains. it was found that the development of the texture 
<111>||BD was due to the deformation linked to the HIP process. In addition, HIP generated a substantial fraction of Σ3 coincident 
site lattice boundaries (CSL) because of pure ni which is a medium stacking fault energy (SFE) element.
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1. Introduction

in recent years, additive manufacturing (aM) has become 
popular in manufacturing components with improved functiona-
lity [1]. With the use of layer-by-layer deposition technique, aM 
technology is capable of producing complex shaped products 
with other advantages like reduced manufacturing steps and 
reduced material consumption. among various techniques in aM 
manufacturing, LpBF has gained greatest attention due to the 
fact that it has ability to produce complex shapes and geometries 
[2-4]. LpBF has been widely used to manufacture various alloys 
e.g., steels, titanium alloys, hEa alloys, al alloys etc. and have 
found their application in aerospace, defense, automotive, oil 
and gas sectors, etc. [5-9]. 

pure ni has an excellent corrosion endurance against caustic 
soda and other alkaline solutions. it is also able to withstand 
halogen gas and non-oxidizing acids because of which it is used 
for various devices such as heat exchangers used in the soda 
industry and reaction towers and tanks. pure ni also has low 
electrical resistance, good weldability, good workability and 
due to this it is also used as soda electrolytic electrodes, plating 
electrodes, battery parts etc. [10-12]. 

There is no literature present investigating fabrication of 
pure ni using LpBF techniques. The present research is focused 
on studying the effect of hip treatment on LpBF manufactured 

pure ni. it is envisaged that studying the microstructure and 
texture would open opportunities for commercially manufactur-
ing pure ni. 

2. materials and methods

The samples of pure ni were fabricated at voestalpine ad-
ditive Manufacturing Center Ltd., Mississauga, Ontario, Canada 
(vaMC) using LpBF utilizing an EOS M290 machine. Gas 
atomized powders were used with diameters between 15 and 
25 μm and a Hall flow rate of 14.89 s per 50 g. LPBF was carried 
out as per the parameters enlisted in TaBLE 1. The parameters 
were selected after conducting multiple trails with the EOS 
M290 machine. These parameters (TaBLE 1) lead to printing 
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TaBLE 1
parameters for LpBF process

Parameters values
Layer Thickness 60 μm
hatch distance 200 μm
Laser power 350 W

rotation angle 55°
Laser speed 1000 mm/s

volumetric energy density 30 to 40 J/mm3
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the pure ni with minimum porosity. The printing occurred in 
argon atmosphere to minimize oxidation. 

Cubic samples (10 mm) were fabricated for microstructural 
analysis. The samples as-printed (ap) were subjected to hot 
isostatic pressing (hip) [13] in accordance with the conditions 
given in TaBLE 2. The cooling was carried out by quenching 
of nitrogen at 5-6 bar up to 65°C. argon gas atmosphere was 
used during the heat treatment process.

TaBLE 2
parameters for hip process

treatment temperature time Pressure
hip 1163°C 3h ~1 Mbar

annealing 900°C 2h not applicable

Cubic samples of ap and hip were polished utilizing silicon 
carbide papers (grit size ranging 400-1200) and then diamond 
suspensions (starting from 3 to 1 μm). The final polishing was 
achieved with a Buehler vibromet 2 polisher with silica suspen-
sion of 0.02 μm for 24 hours. To obtain electron backscatter 
diffraction (EBSd) data, hitachi SU-70 field emission electron 
microscope was used. post processing such as texture analysis 
and Orientation distribution Function (OdF) was done with 
Channel 5™ software (Oxford instruments, UK). Bd (building 
direction) were used during analysis as a reference direction 
for all samples. 

3. results and discussions

Figs. 1 and 2 show the crystallographic texture of the as 
printed and hip treated samples representing orientation distri-

bution function (OdF) maps at φ2 = 0° and φ2 = 45° sections 
and texture component maps. it should be noted that the Bd 
(building direction) is utilized as the reference direction for the 
entire texture representation.

it can be seen from Fig. 1, the grain morphology is mainly 
equiaxed grains with the average grain size is about 2.87 µm. 
There are localized areas with fine-grained microstructures (be-
low 1 µm) that can develop as a result of static and/or dynamic 
recrystallization. The driving force may be because of residual 
stresses generated by rapid post printing solidification [14,15]. 
Fig. 1a present the grain boundary map for the ap sample. Low 
angle grain boundaries (LAGBs) fraction is 38.2% and that 
of high angle grain boundaries is 61.8% (HAGBs). The grain 
boundaries are determined to be haGBs if there is a misorienta-
tion of more than 15°. Conversely, LaGBs are characterized by 
misorientations ranging from 2° to 15° and can be linked to the 
density of dislocations within the material.

The texture in the as printed pure ni is weak with 4.12 being 
the maximum intensity factor. at φ2 = 0°, there is dominance of 
fiber textures <111>||Bd and <110>||Bd, as validated by Fig. 
1b (OdF map). Likewise, at φ2 = 45°, fiber texture <110>||Bd 
and <100>||Bd are in dominance. Fig. 1(c-e) shows the OdF 
map of different fiber texture in the material. it can be seen that 
<110>||BD fiber texture is dominant with the fraction of 33.1%. 
The other fiber texture has smaller fractions, like <111>||Bd 
(22.1%) and <100>||BD (24.5%) fiber texture.

Fig. 2, shows the EBSd maps of hip treated sample. The 
grain morphology is mostly polygonal with average grain size is 
about 5.87 µm. The substantial presence of twins in the micro-
structure can be observed due to the application pressure in hip 
process. LAGBs fraction is 8.2% and that of HAGBs is 91.8%. 
due to the application of pressure at an elevated temperature 

Fig. 1. The following figures are for as printed pure ni sample, a) The grain boundary map with LaGB (red lines) and haGB (black lines). 
b) The OdF maps showing the section with φ2 = 0° (top) and φ2 = 45° (bottom). (The interpretation of the ideal orientations of OdF maps 
is shown in this figure legend. (c) 111 fiber, (d) 100 fiber and (d) 110 fiber texture
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which is mixed with the intrinsic residual stress due to printing 
processes like static and dynamic recrystallization are initiated. 

in contrast with the ap sample, there is strong crystallo-
graphic texture in the HIP, with 19.8 being the maximum intensity 
factor. it can be seen in Fig. 2b, at φ2 = 0°, <111>||Bd fiber texture 
is relatively dominant, whereas <100>||Bd fiber texture has minor 
presence. at φ2 = 45°, fiber textures <111>||Bd and <110>||Bd 
are present in dominance, whereas fiber texture <100>||Bd has 
minor presence. Fig. 2(c-e) shows the OdF map illustrating the 
spatial distribution of various fiber textures. The presence of 
fiber texture c (35.9%) is in dominance along with the presence 
of <100>||BD (18.9%) and <110>||BD fiber textures (12.7%). 

4. Evolution of texture

The evolution of texture as discussed in the previous sec-
tion depends on the sample’s processing history. There is an 
increase in the fraction of <111>||Bd fiber texture after hip 
treatment. This leads to a reduction in fiber texture <110>||Bd 
in ap sample. The considerable rise in <111>||Bd is directly 
attributable to the hip deformation process. due to this, there 
is grain rotation which develops <111>||Bd texture [16]. Thus, 
a rise in <111>||Bd fiber texture results in a considerable reduc-
tion in fiber texture <110>||Bd.

4.1. Evolution of twin Boundaries

it is well known that there is improvement in the mechanical 
properties after hip. This exceptional arrangement of ductility 
with strength in the hip sample is caused by various reasons like 

deformation twinning etc. it is expected that the present sample 
processed by hip process would show higher mechanical proper-
ties as compared to the ap sample as the tensile properties of the 
present alloy is a part of future research. in the hip sample, it 
can be seen from Fig. 2a that there is presence of twins in the mi-
crostructure. The hip procedure involves application of 1 Mbar 
at a temperature of 1163°C for around 3 hours. The impact of 
this compression on the twins generation is examined as below.

Fig. 3 shows the twin boundary maps of ap and hip sam-
ple. For the ap sample (Fig. 3a), the twin boundary map depicts 
negligible presence of CSL Σ3 boundaries (green colored lines). 
The CSL Σ3 boundaries of the microstructure can be seen are 
not lengthy and straight however appear comparable to other 
boundaries with high angle. The microstructure consists of mar-
ginal presence of other CSL boundaries and have a comparable 
structure, i.e., not lengthy and straight, rather are distributed 
randomly. The presence of CSL Σ3 boundaries is 4.61%, along 
with the presence of non CSL boundaries which have negligible 
presence in the microstructure, as seen in Fig. 1a.

Fig. 3b shows the twin boundary map of hip sample. as ob-
served in the microstructure, presence of the CSL boundaries 
in the microstructure is significant, especially Σ3. It can be ob-
served that the boundaries appears in a annealing twins in a well-
defined arrangement, i.e., existence of Σ3 boundaries in the 
coincidence site lattice structure [17]. The presence of the Σ3 
boundaries is ~43.6%, and along with the presence of non CSL 
boundaries which have negligible presence in the microstructure.

The significant existence of twin (CSL Σ3) boundaries in 
the pure ni hip sample leads to definite impact on the mechani-
cal properties of the element [18]. In the HIP process there is 
deformation to some extent therefore the occurrence of twinning 
due to deformation is expected. pure ni is a medium stacking 

Fig. 2. The following figures are for hip treated pure ni sample, a) The grain boundary map with LaGB (red lines) and haGB (black lines). 
b) The OdF maps displaying the section with φ2 = 0° (top) and φ2 = 45° (bottom). (The interpretation of the ideal orientations of OdF maps is 
shown in this figure legend. (c) 111 fiber, (d) 100 fiber and (d) 110 fiber texture
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fault energy (SFE: 120-140 m J/m2 [19]) element. Low-medium 
SFE promotes the dissociation of dislocations and the formation 
of stacking faults that limit cross slips [20], which finally favors 
deformation twinning. These twins promote great plasticity dur-
ing further deformation [21,22].

Thus, it is envisaged that the presence of favorable fiber 
texture component and deformation twins would lead to higher 
mechanical properties of pure ni sample fabricated by LpBF 
process. 

5. conclusions

On the basis of detailed microstructural analysis conducted 
on pure ni fabricated by LpBF, the following conclusions can 
be drawn: 
1. The sample of pure ni (ap) contains predominantly 

<110>||Bd fiber texture. On the other hand, the sample of 
pure ni (hip) contains <111>||Bd grains. The formation of 
the texture <111>||Bd was caused by the deformation linked 
with the hip process which allowed the crystal to rotate. 

2. A significant fraction of CSL Σ3 boundaries was observed 
in hip sample is due to the medium stacking fault energy 
(SFE) of pure ni. 
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