
METALS

In situ observation of nanoparticle formation in nickel-

based mechanical alloyed powders

Man Wang1,2 , Heung Nam Han2 , Hee-Suk Chung3 , Young-Bum Chun1 , and Jinsung Jang1,*

1Advanced Materials Development Team, Korea Atomic Energy Research Institute, Daejeon 34057, Republic of Korea
2Department of Materials Science and Engineering, Research Institute of Advanced Materials, Seoul National University,

Seoul 08826, Republic of Korea
3Jeonju Center, Korea Basic Science Institute, Jeonju 54907, Republic of Korea

Received: 18 April 2018

Accepted: 30 July 2018

Published online:

3 August 2018

� Springer Science+Business

Media, LLC, part of Springer

Nature 2018

ABSTRACT

Nickel alloy powders with additions of Gd2O3 and Ti were mechanically alloyed

(MA) using a high-energy ball mill. The formation behaviors of nanoparticles in

nickel-based MA powders were investigated using in situ characterization

methods, including high-temperature X-ray diffraction and in situ transmission

electron microscope (TEM). The added Gd2O3 particles were dissolved into the

matrix during MA process. Recrystallization of the MA powders occurred

between 810 and 880 �C, followed by grain growth. Precipitation of nanoparti-

cles was observed after grain growth using in situ TEM and was attributed to

the reduced dislocations and grain boundary area. More importantly, these

nanoparticles were dissolved into matrix after the specimen was reheated to a

higher temperature of 1014 �C. During subsequent cooling, Gd2TiO5 particles

were re-precipitated in a more uniform way, including smaller average size of

6.8 nm and reduced interparticle spacing of 26.9 nm.

Introduction

Oxide dispersion strengthened (ODS) alloys are

considered promising candidate materials for nuclear

applications because of their good high-temperature

creep property and excellent irradiation resistance

[1–3]. The superior properties of ODS alloys are

attributed to the fact that the dispersed nanoparticles

can serve as obstacles to dislocation movement [4–6]

and also as effective sinks for irradiation-induced

defects [7, 8]. Therefore, it is important to understand

the formation behaviors of nanoparticles in order to

tailor the microstructure and optimize the properties

of ODS alloys.

Regarding the formation behaviors of nanoparti-

cles in ODS alloys, the dissolution of added oxide

particles during mechanical alloying (MA) process

and the re-precipitation of nanoparticles during

subsequent consolidation are widely accepted [1].

Okuda et al. [9] confirmed this mechanism firstly by

studying the behavior of Fe–13Cr–3Ti–3Y2O3 (wt%,

unless noted otherwise) using X-ray diffraction

(XRD). They reported that the MA powders dis-

played no Y2O3 peaks, whereas Y2TiO5 and Y2Ti2O7
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peaks were identified after annealing at 1000 �C for

1 h. Alinger et al. [10, 11] reported that Y2O3 dis-

solved in Fe–14Cr-based MA powders, and that

nanoparticles precipitated after hot isostatic pressing

(HIP) at 850 �C using small-angle neutron scattering

(SANS). By using neutron diffraction, Zhang et al.

[12] found that 10% of Y2O3 was dissolved into ferrite

matrix following MA process, and that Y2O3 precip-

itated after annealing at 900 �C. Similar results are

also reported using atom probe tomography (APT)

and transmission electron microscope (TEM) [13–16].

However, other researchers did not observe any

change in the lattice parameters of the matrix and

hence concluded that the added oxides did not dis-

solve into the matrix during MA process [17, 18]. This

is also supported by the existence of a Y–O bond in

MA powders composed of Fe–9Cr–15Y2O3 [19], as

well as the identification of amorphous Y2O3 in mil-

led Fe–25Y2O3 powders [20]. Based on these results,

an alternative theory is proposed, involving frag-

mentation of the initial oxide particles into amor-

phous or nanocrystalline.

Although much progress has been achieved in

understanding the formation behaviors of nanopar-

ticles in ODS alloys using various techniques, some

uncertainties and limitations still remain. Firstly,

previous studies mostly employed ex situ character-

ization, and therefore information on the early stage

and the sequential events that lead to formation of

nanoparticles were not covered. Furthermore, very

high fractions of oxides (10–25%) were used, espe-

cially in studies that claimed formation of amorphous

phase. This may lead to some misunderstanding,

since the solubility of oxide-forming elements in

ferrite is very low.

In this study, the formation behaviors of nanopar-

ticles in nickel-based MA powders were investigated

using high-temperature XRD and in situ TEM. As

lanthanide oxides are suggested as an effective dis-

persion source for nickel alloys based on density

functional calculation [21], Gd2O3 was added to

nickel alloy powders in this study. The high-tem-

perature XRD analysis gave statistical data on the

bulky powder sample, and in situ TEM observation

revealed the sequential events that led to the forma-

tion of nanoparticles.

Materials and methods

Pre-alloyed Ni–Cr–Fe powders with average size of

45 lm were used as the base material. Gd2O3 pow-

ders with sizes of 15–30 nm and Ti powders with

average size of 45 lm were blended with the pre-

alloyed powders. The nominal composition was Ni–

30Cr–11Fe–0.50Ti–1.36Gd2O3 (wt%). MA was carried

out using a horizontal ball mill (Zoz Simoloyer

CM08TM) under argon atmosphere. The capacity of

the processing chamber was 8 L, and the total load of

raw powders was 1000 g. 100Cr6 steel balls with

diameter of 5 mm were used as grinding media, and

the ball-to-powder weight ratio was 10:1. In order to

avoid overheating, the MA process was performed in

a cyclic mode, comprising 5 min at 50 rpm, 40 min at

200 rpm, 10 min at 20 rpm and 5 min pause. Sixty

cycles were carried out in this study, giving a total

milling time of 40 h at 200 rpm.

High-temperature XRD was performed using a

PANalytical Empyrean diffractometer (Cu Ka radia-

tion, k = 1.54056 Å) at 45 kV and 40 mA with a step

size of 0.0131�. XRD measurements were taken at

room temperature (RT), and then at high tempera-

tures between 600 and 1000 �C in vacuum (10-4 to

10-3 Pa). Rietveld analysis was carried out on the

whole XRD patterns using FullProf program. The

broadening of peaks for matrix was estimated using a

Figure 1 XRD patterns of nickel-based MA powders at different
temperatures.
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pseudo-Voigt function, and then the crystallite size

and strain were obtained [22, 23].

Microstructure evolution was investigated using

in situ TEM (JEOL-ARM 200F) with an in situ sample

holder (Aduro 500). The TEM specimen was prepared

from the MA powders using a dual focused ion beam

(FIB, Nova 200). The evolution of the microstructure was

recorded in real time during the heating and cooling

processes. When a significant change in microstructure

was observed, the heating process was stopped and the

specimen was cooled to RT to allow detailed examina-

tion. Afterward, the specimen was heated again to a

higher temperature, and the microstructure evolution of

the same area was recorded. The real-time temperature

of the specimen was measured across the viewing area

by Protochips’ ClarityTM software with a tolerance of

1.3%. The heating and cooling rate was both 1 �C s-1.

Results

High-temperature X-ray diffraction

Figure 1 shows XRD patterns of the nickel-based MA

powders at different temperatures. The as-MA powders

only exhibited diffraction peaks of nickel alloy, which

were somewhat broad due to the fine crystallite size and

strain introduced during the MA process. With

Figure 2 Evolution of crystallite size and strain of nickel alloy
phase with temperature.

Figure 3 BF-TEM images of
MA powders after heating to
different temperatures. a As-
MA powder, b after 750 �C,
c after 890 �C, d after
1014 �C.
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increasing temperature, the matrix peaks increased in

height and turned to be sharper. Also, faint Cr2O3 peaks

began to appear at 650 �C, and they became more

obvious with increasing temperature. Rietveld refine-

ment was performed on the whole XRD patterns, and

Fig. 2 shows the evolution of crystallite size and strain of

the matrix phase with temperature. The as-MA pow-

ders exhibited a fine crystallite size of approximately

12.5 nm and a large strain of 1.1%. The strain was

gradually relieved with increasing temperature. The

crystallite size remained around 50 nm up to 800 �C and

then started to increase significantly above 800 �C.

In situ microstructure observation

Figure 3 presents bright-field (BF) TEM images

showing the overall microstructure evolution of MA

powders after heating to different temperatures, such

as 750 �C, 890 �C and 1014 �C (Fig. 3b–d). The area

marked by a square in Fig. 3a was chosen for in situ

observation, and the microstructure characterization

was focused on this area.

Characterization of as-MA powders

Figure 4 shows TEM micrographs of the as-MA

powders. The different contrasts shown in the BF-

TEM image (Fig. 4a) were due to strain accumulation

during the MA process. The EDS mapping results

show that all the alloying elements were uniformly

distributed, except for several Ti–rich regions

(* 20 nm) as indicated by the arrows in Fig. 4b. The

size of Ti–rich regions was much smaller than that of

the originally added Ti powders (* 45 lm); there-

fore, these Ti–rich regions may be remnants of Ti

powders during the MA process. Figure 4c shows a

Figure 4 TEM results of as-MA powders. a BF-TEM image, b EDS mapping results of the region within the rectangle in (a), c BF-TEM
image of in situ observing area, d SADP corresponding to (c).
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larger amplification of Fig. 4a and was selected for

in situ observation. Its selected area electron diffrac-

tion pattern (SADP) corresponded to nickel alloy

phase, as shown in Fig. 4d. Based on the EDS map-

ping and SADP results, it is concluded that the added

Gd2O3 was dissolved into matrix during the MA

process.

Microstructure evolution of MA powders during heating

and cooling

Figure 5 shows snapshots of the MA powders during

heating to 750 �C, and after cooling to RT. Cr2O3

phase appeared to form when the specimen was

heated to around 700 �C (indicated by the arrows in

Fig. 5b), and its content increased with increasing

temperature (Fig. 5c). The TEM results of Cr2O3

phase were consistent with the XRD results shown in

Fig. 1. The Cr2O3 phase was between 50 and 150 nm

in size. The formation of Cr2O3 was due to the high

content of Cr (* 30 wt%) in the matrix and its great

affinity for oxygen. Williams et al. [24] also reported

the formation of Cr2O3 in Fe–14Cr–2 W-based ODS

alloy after annealing at 800 �C.

Figure 6 shows snapshots of the MA powders

during reheating from RT to 890 �C. Recrystallization

appeared to start at around 810 �C (Fig. 6b). The

contrast became clearer as the strain was relieved.

Recrystallization seemed to finish at around 880 �C,

and the grain size was between 60 and 100 nm, as

shown in Fig. 6c. The XRD results (Fig. 2) show that

the crystallite sizes at 800 �C and 900 �C were 53 and

83 nm, respectively, which matched well with the

TEM results. The grains then coarsened through

grain boundary migration, and the open arrow in

Fig. 6e indicates the migration direction of a grain

boundary. Precipitates appeared after grain coarsen-

ing (Fig. 6f). The heating process was stopped after

reaching 890 �C, and the specimen was cooled to RT

in order to examine the precipitates.

Figure 7a is a BF-TEM image showing many par-

ticles distributed in the grain interior. Figure 7b is a

high-angle annular dark field (HAADF) STEM image

showing a clear Z-contrast. According to the EDS

Figure 5 Snapshots of MA
powders during heating to
750 �C. a RT, b heating to
700 �C, c heating to 750 �C,
d cooling down to RT.
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mapping results (Fig. 7c), the gray particles were rich

in Ti (indicated by the arrows in Fig. 7c), while the

bright particles were rich in Gd (indicated by the

circles in Fig. 7c). The Ti–rich particles were

approximately 20 nm in size, which was similar to

that of the Ti–rich regions in as-MA powders

(Fig. 4b). It seems that the Ti–rich regions did not

change during reheating to 890 �C. As shown in

Fig. 8, particles of Gd2O3 (cubic, #98-002-7996) and

Gd2TiO5 (orthorhombic, 98-016-2128) were identified,

respectively, based on the HR-TEM analysis. Fig-

ure 7d shows that these particles had a relatively

broad size distribution. The average particle size and

interparticle spacing were 13.5 and 71.9 nm,

respectively.

The MA powders were then reheated to 1014 �C
and the resulting microstructure evolution is shown

in Fig. 9. Small particles were dissolved first when

reaching 920 �C (Fig. 9b), and most particles were

dissolved after annealing at 920 �C for 70 s (Fig. 9c).

The white-contrast features, indicated by the arrows

in Fig. 9c, were voids, which will be analyzed later.

The circle in Fig. 9c indicates a large Cr2O3 particle,

which was dissolved at around 1000 �C. The matrix

was kind of defect-free after the specimen was rehe-

ated to 1014 �C, and then the specimen was cooled to

RT. Particles were re-precipitated during subsequent

cooling, mainly between 900 and 800 �C (Fig. 9e, f).

Figure 10a is an underfocus BF-TEM image. Voids

exhibit dark Fresnel fringe at underfocused condition

[25]; therefore, the features indicated by the arrows in

Fig. 10a were identified as voids. These voids showed

black contrast in the HAADF-STEM image, with

average size of 13.2 ± 3.8 nm. It should be noted that

the majority of the particles in Fig. 10b exhibited

bright contrast and were identified as Gd2TiO5 based

on HR-TEM analysis (Fig. 10c, d). These particles

exhibited a much narrower size distribution, with

smaller average size of 6.8 nm and reduced inter-

particle spacing of 26.9 nm (Fig. 10f).

Discussion

Analysis of as-MA powders

The crystallite size and strain of as-MA powders

were 12.5 nm and 1.1%, respectively. Nanostructure

and large strain are typical features of MA powders,

Figure 6 Snapshots of MA powders during reheating to 890 �C. a RT, b heating to 810 �C, c heating to 880 �C, d heating to 885 �C,
e heating to 888 �C, f heating to 890 �C.
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since the blended powders are repeatedly flattened,

cold welded, fractured, and rewelded during MA

process [26–29]. Shear bands containing high density

of dislocations are introduced by the heavy defor-

mation and develop into subgrains that are separated

by low-angle grain boundaries. On further milling,

these low-angle grain boundaries will be replaced by

high-angle grain boundaries to reduce the lattice

strain, resulting in refinement of grain size. At the

same time, other crystal defects such as vacancies and

dislocations are introduced, which can be explained

by the large strain within as-MA powders. The

increased grain boundaries and dislocations con-

tribute to extend the solubility of oxide-forming ele-

ments in the matrix. In this study, the TEM results

indicated that the added Gd2O3 particles were

dissolved into matrix during MA process. Then, the

as-MA powders became supersaturated solid solu-

tion with oxide-forming elements and oxygen atoms.

Precipitation behaviors of nanoparticles
in MA powders

Different particles were observed and identified after

reheating to 890 �C, comprising Ti (* 20 nm), Gd2O3

(* 15 nm) and Gd2TiO5 (* 8 nm). The Ti particles

may be the Ti–rich regions in the as-MA powders

considering their similar size, while the particles of

Gd2O3 and Gd2TiO5 were precipitated from the

matrix. The precipitation of nanoparticles was related

to strain recovery and grain coarsening. As shown in

Fig. 2, the strain recovered gradually with increasing

Figure 7 TEM results of MA powders after reheating to 890 �C. a BF-TEM image, b HAADF-STEM image, c EDS mapping results
corresponding to the rectangular region in (b), d particle size distribution.
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temperature, indicating that the crystal defects were

annealed and annihilated. Moreover, grains coarsened

after recrystallization at around 880 �C (Fig. 6c–f),

thereby decreasing the grain boundary area. As a

result, the solubility of decomposed atoms in matrix

would be reduced due to the decrease in crystal

defects, resulting in precipitation of nanoparticles. In

the present study, in situ TEM observations provide

direct experimental evidence for nanoparticle

precipitation.

The precipitated particles were successively dis-

solved into matrix during reheating from 920 to

1014 �C (Fig. 9b–d), and then finer particles were re-

precipitated from the supersaturated matrix during

subsequent cooling, mainly between 900 and 800 �C
(Fig. 9e, f). These particles were identified as Gd2TiO5

(Fig. 10). Voids were observed during reheating to

1014 �C, with average size of about 13.2 nm. Void

formation has been widely reported in other ODS

materials and is usually attributed to the absorbed

gas from milling atmosphere during MA process

[30–32]. Voids were also found in the Al–Al2O3

nanocomposites and were ascribed to the compress-

ibility behavior of the materials during MA process

[33, 34].

Only Gd2TiO5 particles were observed after

reheating to 1014 �C, whereas three kinds of particles

(Ti, Gd2O3 and Gd2TiO5) were observed after

reheating to 890 �C. The designed atomic ratio of

Gd:Ti was 2:3. However, some Ti–rich regions were

present in the as-MA powders, indicating that some

of the Ti powders were not fully dissolved into the

matrix during MA process. Although quantitative

analysis is not simple for this case, it could be

assumed that the dissolved Ti atoms were relatively

deficient and consequently resulted in the formation

of Gd2O3 and Gd2TiO5. Nevertheless, all the preex-

isting and precipitated particles were dissolved into

matrix during reheating to 1014 �C and were then re-

precipitated in the form of Gd2TiO5 during subse-

quent cooling.

Figure 8 TEM
characterization of particles in
MA powders after reheating to
890 �C. a HR image of
particles, b inverse FFT image
of rectangle area in (a), c HR
image of particles, d FFT
image of rectangle area in (c).
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Improved uniformity of nanoparticle
distribution

Compared with reheating to 890 �C (Fig. 7d), the

nanoparticles were distributed more uniformly after

reheating to 1014 �C (Fig. 10f). The average particle

size and interparticle spacing after reheating to

1014 �C were 6.8 and 26.9 nm, respectively, com-

pared with 13.5 and 71.9 nm after reheating to

890 �C. The more uniform distribution of finer pre-

cipitates may be associated with the microstructure

change of supersaturated matrix. As discussed in

‘‘Precipitation behaviors of nanoparticles in MA

powders’’ section, the precipitation of particles dur-

ing reheating to 890 �C was related to strain recovery

and grain coarsening. The high-temperature XRD

results (Fig. 2) show that approximately 66% of the

strain was relieved at 800 �C, indicating that a great

number of crystal defects were annealed and anni-

hilated. Some precipitates would be developed first,

as the solubility of decomposed atoms in matrix was

reduced due to the decreased defects. On further

heating, the grain boundary area was decreased due

to grain coarsening after recrystallization at 880 �C

(Fig. 6d–f), and the solubility of decomposed atoms

was reduced further, resulting in more precipitates.

The particles that precipitated first, as a result of

strain recovery at relatively low temperature, would

experience growth during the continuous heating

process. Therefore, particles were precipitated at

different stages during heating to 890 �C, resulting in

a broad size distribution of particles with larger

average size of 13.5 nm (Fig. 7d).

After reaching 1014 �C, all the precipitates were

successively dissolved into matrix, and the matrix

became supersaturated again. The high-temperature

XRD results indicate that strain was relieved to a very

low level at 1000 �C (Fig. 2). That is to say, the dis-

solution of oxide particles is not due to dislocations

or grain boundaries, which can extend the solubility

of oxide-forming elements in matrix. The dissolution

of precipitates between 920 and 1014 �C may be

related to the extended solubility arising from higher

temperature. As the solubility declined during sub-

sequent cooling, nanoparticles were re-precipitated

from the supersaturated matrix, mainly between 900

and 800 �C, resulting in more uniformly distributed

precipitates.

Figure 9 Snapshots of MA powders during reheating to 1014 �C. a RT, b heating to 920 �C, c annealing at 920 �C for 70 s, d heating to
1014 �C, e cooling to 900 �C, f cooling to 800 �C.
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Conclusions

Nickel alloy powders with practical additions of

Gd2O3 and Ti were mechanically alloyed using a

high-energy ball mill. The formation behaviors of

nanoparticles were investigated using high-temper-

ature XRD and in situ TEM. The following conclu-

sions can be drawn:

(1) The as-MA powders exhibited fine grain struc-

ture (12.5 nm) and large strain of 1.1% associ-

ated with crystal defects, both of which

attributed to extend the solubility of oxide-

forming elements in matrix.

(2) Two kinds of nanoparticle precipitation pro-

cesses were observed directly by in situ TEM.

Precipitation during reheating to 890 �C was

closely related to strain recovery and grain

Figure 10 TEM
characterization of particles in
MA powders after reheating to
1014 �C. a Underfocused BF-
STEM image, b HAADF-
TEM image showing
distribution of particles, c HR
image of particles, d inverse
FFT image of the rectangle
area in (c), f particle size
distribution.
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growth, which reduced the solubility of decom-

posed atoms in matrix. Precipitation of

nanoparticles was also observed during cooling

from 1014 �C to RT, mainly between 900 and

800 �C. This was because the solubility of

decomposed atoms in the matrix declined with

decreasing temperature.

(3) More uniform distribution of Gd2TiO5 particles,

with smaller size of 6.8 nm and reduced inter-

particle spacing of 26.9 nm, was achieved after

the specimen was reheated to 1014 �C. The

more uniform distribution of precipitates may

be associated with the different microstructures

of the supersaturated matrix. This suggests that

appropriate heat treatment of MA powders

could produce ODS alloys with more uniform

distribution of finer particles.
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