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Abstract: The existence of adsorbed oxygen and oxides on the surface of initial powders has serious
effects on the microstructure and mechanical properties of the powder metallurgy alloys. However,
the powder surface is inevitably oxidized immediately after the powder preparation. In this work,
the oxidation characteristics for the argon atomized powders of a Ni-based superalloy containing Cr,
Co, W, Mo, Nb, Ti and Al after exposure at ambient condition for various time were investigated in
detail. It is found that various gases can be absorbed on the powder surface, but most of them can
be removed by low temperature (<151.5 ◦C) outgassing procedure. The thermodynamic calculation
shows that the oxidation reaction occurs firstly with the alloying elements rather than Ni matrix,
whether at room temperature or elevated temperature. The kinetic measurement indicates that
the oxygen content on the powder surface approaches a saturation value after 24 h exposure and
remains almost stable after 720 h. The oxygen content increases with the decrease of particle size after
exposure. X-ray photoelectron spectroscopy characterized that, except the formed oxides, adsorbed
oxygen also exists on the powder surface of the as-atomized initial fine powders with particle size
<30 µm and the powders with size >18.7 µm after exposure, which may be caused by the internal
stress and surface energy of the initial atomized powder. All alloying elements except Ti can form
stable oxides directly on the powder surface. For the element of Ti, the metastable TiO forms on the
initial powder surface after preparation and it transforms into stable TiO2 or Ti2O3 during exposure.
The results provide a deep understanding of absorbed gases and oxide on the surface of powders
under treatment and possible desorption approach.

Keywords: nickel-based superalloy powder; oxidation; ambient condition; thermodynamics; oxidation
kinetics

1. Introduction

Powder metallurgy (PM) Ni-based superalloys with working temperature up to 750 ◦C
are ideal materials for turbine disk in the advanced aero-engine [1,2]. Prior particle bound-
ary (PPB) is one of the defects of PM alloys, which has serious effects on the performance
of PM parts at high temperatures [3–6]. Prakash et al. [7] investigated the microstructure
and mechanical properties of PM Ni-based superalloy APK-1 and found that the existence
of PPB network is detrimental to mechanical properties. Zhou et al. [8] investigated the
influences of different grades of PPB in PM FGH96 superalloy during high-cycle fatigue test
at 550 ◦C and found that the presence of PPB reduces the fracture toughness of superalloy.
In the fast crack growth zone and the transient zone, the transgranular and long PPB
globular surfaces are the main fracture characteristics of the superalloy with serious PPB.
These results indicate that PPB is often the source of cracks [7,8] and it has a significant
impact on the crack initiation and propagation of the superalloys in service. The origin of
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PPB has been well investigated, and most researchers [9–11] believe that the formation of
PPB is mainly due to the existence of adsorbed oxygen or metal oxides on the surface of
the powders, resulting in the poor metallurgically bonded interface between the powders
during the consolidation process such as hot isostatic pressing (HIP) [3,4].

At present, argon atomization is one of the main approaches for preparing superal-
loy powders [12,13]. Tan et al. [14] investigated the element distribution of as-prepared
Ni-based superalloy powders and found that O, C, and Ti elements are segregated on
the powder surface after atomization. The oxygen on the powder surface mainly comes
from the oxides formed during atomization process or the oxygen absorbed from external
atmosphere. Liu et al. [15] investigated the relationship between surface morphology and
oxygen content of argon atomized Ni-based superalloy powders. They found that the
surface oxygen content of the powders containing satellite powder is higher than that
of smooth powder. In the former a nano oxide layer is formed on the surface, while in
the latter, the surface oxygen content mostly comes from the physically adsorbed oxygen.
Gao et al. [16] found that the oxygen content of superalloy powder increases with the de-
crease of particle size and the increase of specific surface area. Xu et al. [17] investigated
the influence of temperature on the oxidation behavior of the Ni-based superalloy pow-
ders. They found that when the powders were heated at 50~250 ◦C in muffle furnace at
atmospheric gas for 2 h, the oxygen content increases sharply over 150 ◦C and the powder
surface was completely oxidized at 250 ◦C. Therefore, they suggested that the powder
treatment temperature should not be higher than 150 ◦C if the powder may be exposed
to air.

The previous works mentioned above are mainly focused on the influences of powder
morphology and heating temperature on the oxygen content, but there is less investigated
on the oxidation characteristics of different alloy elements in powder. It was reported
that the alloying elements Ti and Cr in the Ni-based alloys are easily oxidized to form
chromium and titanium oxides even at room temperature, according to thermodynamics
and kinetics [18,19]. Once the oxides appeared on the surface of powder, PPB will be easily
formed during the hot forming stage, which affect the structure and mechanical properties
of PM parts. Although many measures have been taken to avoid the oxidation of the
powder, the oxidation seems inevitable during powder preparation and post-treatment
such as electrostatic separation, vacuum degassing, and storage, since it is impossible
to completely prevent the powder from contacting the air. It is generally accepted that
the oxygen in the initial powder will be inherited to the final PM alloy parts, and high
oxygen content in the powder will lead to high oxygen content in the hot formed superalloy.
Therefore, it is necessary to understand the surface characteristics change after the powder
is kept at ambient condition.

However, up to now, there has been little research work on the surface oxidation
behavior of the superalloy powders. A deep understanding of the adsorbed gases and the
oxidation of the powder surface at ambient condition, especially the states of oxygen and
oxide, is still required. In this work, the absorption and desorption of various gases on a
Ni-based superalloy powder are analyzed. The oxidation characteristics of the powder
surface after exposure at ambient condition were investigated by thermodynamic and
kinetic approaches together with surface characterizations. This work provides a reference
for taking effective measures to reduce the gas content in the superalloy powder and
improve the quality of PM parts.

2. Experimental

The nickel-based superalloy powders with normal composition of 16.14Cr, 12.06Co,
4.35W, 3.96Mo, 3.72Ti, 2.23Al, 0.75Nb, and rest Ni (by wt.%) were prepared by argon
atomization. The powders were mechanically sieved under argon atmosphere to obtain
various particle sizes i.e., <15 µm, 18.7–30 µm, 37.5–55.5 µm, 60–75 µm, and 100–150 µm.
The powders with different size distributions were exposed at ambient condition for 24,
120, 240, 480, 720, 1080, and 1440 h, and their oxygen contents were tested by ONH836
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oxygen, nitrogen, and hydrogen analyzer. Thermogravimetric-mass spectrometry (TG-
MS) [20] with 5 K/min temperature rise rate was used to characterize the type and content
of absorbed gas on the powder surface. The surface morphology and chemical composition
of the powders were characterized by scanning electron microscope (SEM, Quanta 200,
FEI Company, Eindhoven, Netherlands) with energy dispersive spectrometer (EDS, X-Max
N, Oxford Instruments plc, Oxfordshire, UK). The chemical state and composition of the
powder surface were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD,
Kratos Ltd., Manchester, UK) at 15 kV and 5 mA.

3. Results and Discussion
3.1. Analysis of Adsorbed Gas on the Initial Powder Surface

The initial powders were received after argon atomization. The vacuum storage and
vacuum packing are employed to avoid contact with air as much as possible. Figure 1a
shows the thermogravimetric analysis (TGA) curve for the as-prepared powder. Figure 1b–g
gives the desorption curves for various gases measured by the mass spectrograph (MS)
linked with thermal gravimetric analyzer. The relative pressure in Figure 1b–g indicates
the amount of gas escaping from the surface of the powder in MS. Figure 1 shows that the
powder surface adsorbs not only O2, but also N2, H2O, and a small amount of CH4, NH3,
and CO2 at ambient temperature. This is consistent with the research results obtained by
Guo et al. [21] and Zhao et al. [22].
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Figure 1. Thermogravimetric analysis curve of as-prepared powder (a) and desorption curves of 

adsorbed gases on the powder surface (b–g). 
Figure 1. Thermogravimetric analysis curve of as-prepared powder (a) and desorption curves of
adsorbed gases on the powder surface (b–g).
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In Figure 1b–d, the adsorbed N2, O2 and CH4 start to desorb at 62.3 ◦C and continue
to desorb as the heating temperature increases. However, the TGA curve in Figure 1a does
not monotonically increase or decrease, and it falls and rises repeatedly. This should be the
combined effect of degassing and oxidation on the powder surface. According to the change
of weight gain, the whole degassing process can be divided into 4 stages, as indicated in
Figure 1a. At stage I (62.3~105.4 ◦C), the powder shows a significant weight loss (about
0.015%), which is mainly caused by the desorption of N2, O2 and CH4. These desorptions
reach their maximum values at about 105.4 ◦C. At stage II (105.4~151.5 ◦C), the powder
shows a slight weight gain (about 0.004%) due to the slight oxidation and the formation of
NH3·H2O adsorbed on powder surface. At stage III (151.5~406.7 ◦C), the powder shows a
slight weight loss (about 0.006%) due to the desorption of H2O, NH3, and CO2. At stage
IV (above 406.7 ◦C), CO2 starts to desorb significantly, but the oxidation of the metallic
elements occurs on the surface of the powder, resulting in continuous weight gain.

Figure 1 also shows that the weight gain occurs in stage II and the continuous weight
loss occurs in stage III. As we know, ammonia is easily combined with water and water
vapor on the powder surface to form NH3·H2O, which makes the adsorption and desorp-
tion of NH3 and H2O occur at the same time. Therefore, the forming and adsorption of
NH3·H2O on the powder surface leads to the weight gain of powder at stage II. As tem-
perature increases, Hu et al. [23] believe that water vapor begins to desorb at 140~150 ◦C,
and the maximum desorption temperature is 400 ◦C, which is basically consistent with the
powder weight loss at stage III in TGA curve. In addition, when the temperature exceeds
151.5 ◦C, the decomposition of NH3·H2O is intensified. As shown in Figure 1e,f, NH3 and
H2O are desorbed simultaneously, which causes the weight loss at stage III.

Figure 1 also shows that the amount of CO2 desorption increases at stage III and stage
IV, mainly because the CO2 adsorbed on the powder surface begins to desorb from 200 ◦C.
The desorption amount increased with the increase of temperature. It is also possible that
the carbon adsorbed on the powder surface reacts with oxygen in the chamber to form
C=O, which will further form CO2 and desorb from the powder surface [22].

According to Figure 1b–g, there are 6 kinds of adsorbed gases on the initial powder
surface. However, for O2, N2, and H2O, the relative contents of other adsorbed gases are
quite low, which has a limited effect on the performance of the alloy and the PM parts.
Additionally, based on the TGA curve and desorption curves, it can be found that most of
the adsorbed gases on the initial powder surface can be removed by vacuum desorption
near 151.5 ◦C, especially N2, O2, and H2O. This result gives us a suggestion that we can
reduce the adsorbed gases on the powder surface by low temperature treatment with
various approaches.

Just as the carbon can be oxidized to form CO2 and desorbed from the powder surface
at over 200 ◦C, even under the protection of argon, it was also reported that the alloying
elements of Al, Ti, and Cr can be oxidized near the melting temperature of alloy (around
1300 ◦C), as even the partial pressure of O2 in the gas phase is only 10−10 Pa [24]. Therefore,
we must pay attention to the effect of oxygen on alloy powders, since the partial pressure of
O2 in the air reaches 2.13 × 104 Pa and it can react with many alloying elements even at the
ambient temperature. The oxidation behavior of the powder, thus, should be understood.

3.2. Thermodynamics Calculation of Oxidation Processes

Figure 2 shows the Gibbs free energy curves for various oxidation reactions, which may
occur in Ni-based superalloy. The possible reactions and the Gibbs free energy–temperature
relationships for various alloying elements are shown below as Equations (1)–(11) [25].

Ni(s) + 1
2 O2(g) = NiO(s)

∆G0
(1) = −232, 450 + 83.59(T + 273.15) T ∈ (25, 1453) ◦C (1)

Co(s) + 2
3 O2(g) = 1

3 Co3O4(s)
∆G0

(2) = −319, 100 + 152.31(T + 273.15) T ∈ (25, 700) ◦C (2)
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Cr(s) + 3
2 O2(g) = CrO3(s)

∆G0
(3) = −580, 500 + 259.2(T + 273.15) T ∈ (25, 187) ◦C (3)

CrO3(s) = CrO2(s) + 1
2 O2(g)

∆G0
(4) = −7400− 88.9(T + 273.15) T ∈ (187, 250) ◦C (4)

CrO2(s) = 1
2 Cr2O3(s) + 1

4 O2(g)
∆G0

(5) = −32, 830− 46.64(T + 273.15) T ∈ (250, 1387) ◦C (5)

Cr(s) + 3
4 O2(g) = 1

2 Cr2O3(s)
∆G0

(6) = −555, 070 + 123.66(T + 273.15) T ∈ (900, 1650) ◦C (6)

Mo(s) + 3
2 O2(g) = MoO3(s)

∆G0
(7) = −740, 150 + 246.73(T + 273.15) T ∈ (25, 795) ◦C (7)

W(s) + 3
2 O2(g) = WO3(s)

∆G0
(8) = −833, 500 + 245.43(T + 273.15) T ∈ (25, 1472) ◦C (8)

Al(s) + 3
4 O2(g) = 1

2 Al2O3(s)
∆G0

(9) = −837, 550 + 156.6(T + 273.15) T ∈ (25, 660) ◦C (9)

Nb(s) + 5
4 O2(g) = 1

2 Nb2O5(s)
∆G0

(10) = −944, 100 + 209.85(T + 273.15) T ∈ (25, 1512) ◦C (10)

Ti(s) + O2(g) = TiO2(s)
∆G0

(11) = −941, 000 + 177.57(T + 273.15) T ∈ (25, 1670) ◦C (11)Metals 2022, 12, x FOR PEER REVIEW 6 of 12 
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Figure 2. Relationship between Gibbs free energy-temperature for possible oxidation reactions
in superalloy.

The thermodynamic results indicate that the stable oxides, such as Nb2O5, Al2O3, TiO2,
WO3, MoO3, Co3O4, and NiO, can be formed on the surface of superalloy powder at room
temperature. In particular, Cr is oxidized to form CrO3 firstly at ambient temperature. CrO3
can be decomposed to CrO2 at 190–197 ◦C and converts to Cr2O3 completely at 250 ◦C. Cr can
also be oxidized into Cr2O3 directly above 900 ◦C. The trend of oxidation reactions occurred
at ambient temperature is (11) > (10) > (9) > (8) > (7) > (3) > (2) > (1) in Figure 2, and therefore,
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the oxidation tendency for alloying elements is Ti > Nb > Al > W > Mo > Cr > Co > Ni. The
results clearly indicate that the oxidation occurs firstly with the alloying elements rather
than Ni matrix, whether it is at room temperature or elevated temperatures. However, it
has to be noted that the above results are calculated under equilibrium condition. Some
metastable phases may be formed during oxidation through non-equilibrium reactions,
such as TiO [25].

3.3. Oxidation Kinetics of Powder at Ambient Temperature

To further study the oxidation kinetics of the superalloy powders, the relationships
between the oxygen content and exposure time at ambient temperature for the powders
with different particle sizes are investigated. The oxygen content of alloy powders was
tracked and measured by an oxygen, nitrogen, and hydrogen analyzer, and the results are
shown in Figure 3. The data of 0 h exposure indicates that the oxygen content is measured
on the initial powder without exposure. It was tested immediately after the powder was
taken out from the vacuum container. With the increase of exposure time, two different
types of oxidation characteristics for different particle sizes are observed. The oxygen
content of powders with a particle size of 100–150 µm are kept stable below 50 ppm, but
the oxygen content in the powders with a particle size below 75 µm increases rapidly in
the first 24 h exposure and then increases slowly. In particular, for the powders with a
particle size below 15 µm, the oxygen content increases from 220 ppm to 360 ppm after 24 h
exposure with 63.6% increment, and it reaches 426.7 ppm after 720 h exposure with ~94%
increase. In addition, for all powders, the oxygen content remains relatively stable after
720 h exposure.
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Figure 4 shows the powder surface morphologies of the powders with particle size
about 50 µm after 0 h, 720 h, and 1440 h exposure. There is no significant difference for
various exposure time. The composition analysis indicated that the elements distributions
on the powder surface are uniform, and the different areas of the same powder have only
slight composition fluctuation. The surface composition of the powders with different
particle sizes for different exposure time in air has been characterized by EDS, but no
oxygen elements can be detected for all powders due to the detection limitation of EDS,
which indicates the oxidation layer is extremely thin. The result also suggests that the
superalloy powder has relatively good antioxidant properties at ambient temperature.
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3.4. Characterization of the State of Oxygen

Although SEM and EDS analysis failed to detect the oxides and oxygen on the powder
surface, TG-MS analysis, thermodynamic calculation, and kinetic experiments all showed
that the oxygen or oxides must exist at ambient temperature. In order to accurately analyze
the oxide states of different alloy elements on the superficial layer of the powder, XPS was
used for further characterization. The XPS spectra of the initial powder and the powder
exposed for 720 h are shown in Figure 5. The results show that oxides already exist on the
surface of both initial powder and exposed powder. The valence states that all elements (Al,
Co, Cr, Mo, Ni, W, and Nb) on the powders with different particle sizes and exposure time
have no significant difference. It indicates that these alloying elements can form similar
oxides before and after exposure. However, there are two special cases—one is oxygen and
the other is titanium.
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Figure 5. The overall XPS spectra of (a) the initial powder and (b) the powder after 720 h exposure.

Figure 6 shows the local magnifications of oxygen XPS spectra for initial powder and
the powders after 720 h exposure. Figure 6a shows the oxygen XPS spectrum of the initial
powder with particle size larger than 37.5 µm. The peaks located at near 529.5 eV and
531.3 eV are those of negative divalent oxygen (O2−) [26]. The appearance of these peaks
indicates that the oxygen on the powder surface exists in oxidation state. All possible
oxides in this study are shown in the figure, including NiO, Cr2O3, Co3O4, TiO2, Ti2O3,
MoO2, MoO3, WO2, WO3, Nb2O5, and Al2O3. However, in Figure 6b, the oxygen XPS for
the initial powder with a particle size below 30 µm has not only the peaks near 529.8 eV and
532.0 eV, but also a characteristic peak of adsorbed oxygen near 533.7 eV. It is revealed that
oxygen on the surface of small particle powders exists in two states, including oxidation
and adsorption.
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Figure 6. Surface oxidation states of initial powders with particle sizes of (a) above 37.5 µm; (b) below
30 µm, and of the powders after 720 h exposure with particle size of (c) above 18.7 µm; (d) below
15 µm.

Figure 6c,d shows that the peaks of oxygen on the surface of powder after 720 h expo-
sure. These peaks are different from those of initial powder. There is adsorbed oxygen peak
at about 533.0 eV observed for the sample of large particle powder (>18.7 µm), while the
absorbed oxygen peak disappeared for the small powder (<15 µm). The changed oxidation
state can be explained from the powder preparation process, and the thermodynamic and
kinetic properties of powder during exposure. The superalloy powder was prepared by
argon atomization in this work. The cooling rate of small particles, such as less than 15 µm,
is one order of magnitude higher than that of large particles [27]. The surface of small
particle powder suffers greater internal stress, and the alloying elements on the surface
are in a higher energy state [14]. Hence, the oxidation easily occurs on the surface of small
powders. On the other hand, small particle powders generally have a larger specific surface
than large particle powders [16]. The larger specific surface and the existence of oxygen
during preparation and storage make it possible for physical adsorption of oxygen on the
fine powder surface [15].

As mentioned, the alloying elements on small particle powder surface are in a high
energy state due to rapid cooling. With the extension of exposure or storage time, the
alloying elements can react with the adsorbed oxygen rapidly to form oxides. Therefore,
the adsorbed oxygen peak disappeared in Figure 6d. However, the energy state of alloying
elements on the coarse powder surface is lower and oxidation rate is lower [27]. There are
not only oxides formed on the coarse powder, but also a small amount of adsorbed oxygen
appeared. This is why the adsorbed oxygen peak appears in Figure 6c. In the present
results, the change of surface oxygen state before and after exposure for the powders with
different particle sizes indicates that the reaction between oxygen and alloy elements are
related to the particle size. Hence, by appropriately reducing the proportion of small
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particle powder, the adsorbed oxygen on the initial powder surface can be controlled to
prevent oxidation during storage. Alternatively, the low temperature desorption treatment
mentioned above can be used to remove the adsorbed oxygen on initial powder surface,
which can effectively prevent the oxidation problem.

3.5. Characterization of the Oxidation state of Titanium

Titanium is an active metal with various chemical valence states. It can form metastable
or stable oxides at ambient temperature, which depends on the oxygen potential at the
gas/solid interface and along the inter-diffusion zone [28]. Figure 7a,b shows the titanium
XPS spectra for the initial powder and the powder after 720 h exposure, respectively. The
results indicate that the titanium exists in pure Ti state and three forms of oxides: TiO,
Ti2O3, and TiO2. There is a clear Ti/TiO 2p1/2 peak in the initial powder at 460.3 eV,
which disappears after 720 h exposure. After exposure, the relative peak intensity of the
Ti2O3/TiO2 2p3/2 peak increases, indicating that some Ti or TiO has been transformed into
Ti2O3 or TiO2.
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720 h exposure.

Figure 8 showed the Gibbs free energy–temperature curve of the oxidation of Ti based
on chemical reactions and Gibbs free energy equations listed as Equations (12)–(16) [22,26,29].
Ti can be oxidized to TiO2, Ti2O3, and TiO in turn at aerobic environment. The metastable
TiO can be further transformed into stable TiO2 and Ti2O3. This is consistent with the XPS
results, indicating that the TiO formed on the initial powder surface has transformed into
stable TiO2 and Ti2O3 after further exposure.

TiO(s) + 1
4 O2(g) = 1

2 Ti2O3(s)
∆G0

(12) = −236, 450 + 54.95(T + 273.15) T ∈ (25, 1670) ◦C (12)

TiO(s) + 1
2 O2(g) = TiO2(s)

∆G0
(13) = −426, 400 + 103.47(T + 273.15) T ∈ (25, 1670) ◦C (13)

Ti(s) + 1
2 O2(g) = TiO(s)

∆G0
(14) = −514, 600 + 74.1(T + 273.15) T ∈ (25, 1670) ◦C (14)

Ti(s) + 3
4 O2(g) = 1

2 Ti2O3(s)
∆G0

(15) = −751, 050 + 129.05(T + 273.15) T ∈ (25, 1670) ◦C (15)

Ti(s) + O2(g) = TiO2(s)
∆G0

(16) = −941, 000 + 177.57(T + 273.15) T ∈ (25, 1670) ◦C (16)
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4. Conclusions

The oxidation of the Ni-based superalloy powders before and after exposure at ambient
temperature in air are investigated in this work. The results indicate that O2, N2, and other
gases are easily absorbed on the surface of powder, but most gases can be desorbed by
vacuum at low temperature (<151.5 ◦C). The oxygen adsorption process on the powder
surface is almost complete after a short time (<24 h) of exposure in air. There is adsorbed
oxygen on the surface of the fine powder before exposure and the coarse powder after
exposure. Adsorbed oxygen on fine powder surface can react with the alloying elements
to form oxides after exposure at ambient temperature. Most of the alloy elements are
oxidized directly and formed stable oxides on the powder surface, but titanium firstly
formed the metastable TiO, and then transformed to TiO2 or Ti2O3 after exposure. This
work clarified the oxygen absorption and element oxidation behavior of the Ni-based
superalloy powder. It suggests that the adsorbed gases on the powder surface can be
removed by low temperature vacuum desorption, which can improve the performance of
PM parts.
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