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Abstract. Aluminization is a diffusive process for surface enrichment with aluminum. It aims at forming a protective 

oxide layer which protects the substrate against oxidation and that is powered by an inter-diffusion layer consisting of 

Nickel Aluminides. The aluminizing procedures include two steps: (1) thermochemical pack cementation treatment for 

diffusion of Al and formation of aluminides, (2) pre-oxidation stage to form an alpha alumina layer. The latter depends 

on the composition of the substrate and pack cementation parameters that can compromise the development of a stable 

oxide layer. This work is part of an ongoing project and it aims to characterize the oxides formed on the aluminized 

surface of Ni-50Cr-2Nb alloy and a Ni based alloy after isothermal oxidation. Specimens were aluminized at 950ºC for 

6h in and controlled atmosphere furnace and pre-oxidized in an air furnace at 1100ºC for 1h.  8 hours isothermal 

oxidation tests were carried out at 700, 825, 950, 1075 and 1200ºC. Vickers microhardness profiles and laser confocal 

microscopy characterized the transverse cross section of aluminized samples. Oxides were characterized by low angle 

X-ray diffraction (XRD), and Raman spectroscopy. Aluminized samples exhibit a layer of beta-Ni and also Cr 

aluminides. After pre-oxidation at 1100ºC, a more complex set of oxides were identified including alumina Ni oxide, 

Cr2O3 oxide and the NiCr2O4 spinel. Differences in chemical composition seems to be directly influence the ability to 

form a film of alpha-Al2O3 during the isothermal oxidation, which reinforces the idea that some characteristics of 

these surfaces (phases formed and the Al layer thickness aluminized) may make them more or less susceptible to 

oxidation. 
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1. INTRODUCTION 
 

One of the challenges associated with the durability of mechanical components is oxidation. In order to protect 
against oxidation and thus the in-service performance, coatings can be applied by various techniques. Aluminizing is a 
thermochemical treatment during which the surface of the component is enriched in Al and an alumina layer is formed. 
The procedure involves a two-step operation where the first step refers to the cementation step and the second step 
refers to the oxidation of the surfaces; the latter guarantees that a stable and adherent alpha alumina layer is formed 
(YUAN et al., 2010). Different aluminizing techniques are available among which pack cementation (pack aluminizing) 
is a very competitive procedure, given its low cost and versatility of applications (CHOUX et al., 2007). Several 
researches have been dedicated to study whereby the influence of aluminization parameters under the formation of 
subsequent aluminized layer (GOWARD, 1998). In recent work Rafiee et al. (2010) conducted a study of the influence 
of temperature and aluminum concentration during aluminizing for nickel-based superalloy IN738LC. The results 
indicate the existence of two distinct mechanisms of diffusion for these different temperatures (850ºC and 1050ºC) 
conditions. As a consequence of the diffused layer thickness is dependent on these parameters tested, as expected.  

Extensive studies have also been devoted to the research of the development of alumina films (GONZÁLEZ-
CARRASCO et al., 1999). Prescott and Graham (1991) presented a review relating to the formation of alpha alumina in 
alloys of Fe, Co and Ni at elevated working temperatures. In this work, emphasis is placed on the proposed mechanisms 
of scale growth based on observations of scale morphologies and microstructures, inert-marker experiments and the 
distribution of oxygen isotope tracers within thermally-grown oxides. Choux et al. (2007) performed isothermal and 
cyclic oxidation (temperatures of 900°C, duration 100 hours) of pure nickel. Their data show a diffusion layer and two 
other intermediate layers with very specific concentration distributions. Studies isothermal and cyclic oxidation were 
also developed by Tolpygo and Clarke (1998) for a Fe-Cr-Al. Among the causes for separation of the surface oxide of 
the base metal in isothermal oxidation at 1000°C can be associated with the presence of impurities or, more commonly, 
the resulting stresses at the contact surface metal-oxide. In cyclic oxidation conditions are reached the extreme case of 
complete peeling of the oxide. 
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Despite all the work previously published studies related to the oxidation of aluminized alloys remains an issue of 
great interest due to its influence on the lifetime of components used in high temperatures (LEYENS et al., 1995). This 
work assessed the evolution of oxide film formed on aluminized Ni alloys after isothermal oxidation.  

 
2. MATERIALS AND PROCEDURES 

 
Two Ni based alloys with different Cr content, identified as Ni gamma prime and NiCr2Nb alloy, were processed by 

pack aluminizing. Chemical composition of the alloys is shown in Tab.1 and Tab.2. 
 

Table 1 – Chemical composition of the Alloy identifies as Ni gamma prime 
 

Ni Bal Al 2,80-3,20 Zr 0,03-0,10 Ti 4,80-5,20 Ta 0,10 Nb 0,10 
Cr 13,70-14,30 Fe 0,35 Hf 0,10 Mo 3,70-4,30 Si 0,10 Cu 0,10 
Co 9,00-10,00 C 0,19 V 0,10 W 3,70-4,30 Mn 0,10 B 0,01-0,02 

 
Table 2 – Chemical composition of the alloy identified as NiCr2Nb 

 
Ni 47,67 Cr 48,68 Nb 1,65 Fe 0,82 Si 0,76 Al 0,31 Co 0,12 

 
The alloys were processed using above the pack procedures where samples (5 mm x 7 mm x 2 mm) rest on a grip 

above the pack avoiding direct contact with the pack mixture. Pack aluminizing parameters were set constant according 
to the parameters on Tab. 3. 

 
Table 3 – Processing parameters used for pack cementation and subsequent surface pre-oxidation 
 

Pack mixture Source: 20%Al;  
Halide activator: 3%NH4Cl;  
Inert powder: 77%Al2O3 

Cementation Temperature  Argon furnace: 950°C 
Cementation time Argon furnace: 6h 
Pre-Oxidation Air furnace: 1h at 1100oC 

 
 
Surfaces were characterized by XRD, chemical composition analyzed by XR spectroscopy, Laser confocal 

microscopy and Scanning Electron microscopy. 
In order to evaluate the oxidation behavior tests were performed as summarized in the Tab.4. 
 

Table 4 – Processing parameters used for isothermal oxidation tests 
 

Oxidation Temperature Air furnace: 700-1200ºC 
Oxidation Time Air furnace: 8h 

 
The Ni alloys were placed inside individual non-sealed porcelain crucibles in a furnace and heated to temperature at 

20oC/min. The cooling was performed in the furnace down to 150ºC. The effect of oxidation was evaluated by mass 
variation on a precision balance. Additional analyzes were performed by Raman spectroscopy. 
 
3.  RESULTS AND DISCUSSION 

 
3.1 Pack Cementation 

 
The impact of the chemical composition of the Ni based alloy on the response to pack aluminizing is 

summarized in Fig. 1 for data acquired immediately after pack cementation and before pre-oxidation. The Ni gamma 
prime alloy, which had more alloying elements, exhibited a richer Al surface compared to that measured on the surface 
of NiCr2Nb alloy. However the opposite trend is observed regarding the aluminized surface thickness; thinner layers 
were observed in Ni gamma prime than NiCr2Nb alloy, suggesting that the latter has more diffusion paths that facilitate 
the diffusion of Al into the material. 
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Al (%) Thickness (μm) 

 
 

 

Figure 1. Effect of cementation time and temperature on the aluminized surface measured by the thickness and 
composition of the diffusion layer. 

 
X-ray diffraction, Fig.2, confirmed that the interaction of the Al with the different substrates used has 

influenced constitution of the diffusion layer: (a) Ni gamma prime alloy: NiAl, Ni3Al, Ni2Al3 (main phases), and Cr 
aluminides; (b) NiCr2Nb alloy: more complex set of phases besides of Ni (Ni3Al, Ni2Al3) and Cr (Cr2Al13, Cr5Al8) 
aluminides, the spinel NiCr2O4 were also identified.  

 

 
 

Figure 2. Compounds formed in the diffusion layer for both Ni based alloys processed with increasing cementation time 
 

Detailed analysis of the oxide layer formed before and after pre-oxidation gives further information on the 
influence of the chemical composition of the substrate, Fig.3 and Fig.4. Results of low angle X-ray diffraction showed 
that a complex set of oxides was identified before pre-oxidation for both alloys.  
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Figure 3 – Oxides formed at the surface after pack cementation, identified by low angle X-ray diffraction 
 
 

 
 

Figure 4 – Oxides formed at the surface after pack cementation and after pre-oxidation step, identified by low angle  
X-ray diffraction  

 
Pre-oxidation temperature was selected to favor the formation of the stable and adherent alpha alumina. After 

pre-oxidation, although both alloys show peaks of alumina differences could be observed. For the Ni gamma prime 
alloy there is a decrease on the intensities of the peaks of other oxides, suggesting a trend for the alumina film to 
develop and overlapping other oxides, in accordance to its thermodynamic stability. A different response to the pre-
oxidation step was identified on NiCr2Nb alloy the presence of a complex set of oxides is identified, in particular 
Alumina and Chromia. It suggests that exposing these surfaces to oxidation environments would cause the non-uniform 
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development/growth of the oxide film which my lead to cracks initiation or spalling of the oxide film. Alpha alumina as 
confirmed by Raman spectroscopy on both Ni based alloys after the pre-oxidation stage. 

 
3.2 Oxidation 

 
Raman Spectroscopy revealed that under the pre-oxidation temperature range specimen has α-Alumina. 

However, as revealed by XRD the presence of other oxides might influence on the oxidation behavior. 
Figure 5 shows the variation of weight during exposition under temperature oxidation tests. Results show that 

the aluminized Ni gamma prime alloy has a stable oxidation behavior within the temperature range tested. The mass 
loss after oxidation at 700oC does not change for the higher temperatures tested suggesting that a stable film of oxide 
with a very low growth rate was formed. A very different behavior with a strong dependence on the oxidation 
temperature was identified for the pack aluminized NiCr2Nb alloy. At the lower temperature test, 700oC mass loss was 
identified and at the higher temperature tested a significant mass gain was measured. At the lower end of the 
temperature range tested stress induced by the different oxides can cause the oxide film to break. However, the 
significant mass gain at 1200oC suggests that the alumina film is still growing. This behavior might be associated with 
vaporization of certain oxides or to spalling due to the competitive growth of different oxides that exposes the pack 
aluminized surface to air inducing the formation of more oxide. 

 

 
 

Figure 5  – Variation of weight with increasing temperature oxidation (time oxidation = 8 h) 
 

4. CONCLUSIONS 
 
As expected, the substrate influences the morphology and thickness of the diffused layer, as well as its phases 

and composition, after pack cementation (GOWARD, 1998). The Ni gamma prime alloy, which had more alloying 
elements, exhibited thinner layers and richer Al surface than NiCr2Nb alloy, suggesting that the latter has more 
diffusion paths that facilitate the diffusion of Al into the material. The main phases formed on the Ni gamma prime 
were Ni aluminide (NiAl, Ni3Al, Ni2Al3), beyond Cr aluminides; while for NiCr2Nb alloy besides of Ni (Ni3Al, Ni2Al3) 
and Cr (Cr2Al13, Cr5Al8) aluminides, the spinel NiCr2O4 were also identified.  

The substrate also influences the oxides formed after pack cementation and after pre-oxidation. After pre-
oxidation, although both alloys show peaks of alumina, for the Ni gamma prime alloy the results suggest there is a trend 
for the alumina film to develop and overlapping other oxides, whilst on NiCr2Nb alloy the presence of a complex set of 
oxides is identified, in particular Alumina and Chromia. 
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Differences in behavior of oxidation for both alloys, measured by variation of weight at the temperature of 
oxidation range, indicate that the formation and growth of the oxide film is also strongly influenced by layer aluminide 
and scale oxide the previously formed. The NiCr2Nb alloy was more sensitive test conditions than Ni gamma prime, 
which may indicate the formation of discontinuous film of alumina. 

Additional studies will be conducted regarding the thermodynamic of growth of oxide. 
 

5. REFERENCES 
 

An, T. F., Guan, H. R., Sun, X. F., and Hu, Z. Q., 2000. “Effect of the θ–α-Al2O3 transformation in scales on the 
oxidation behavior of a nickel-base superalloy with an aluminide diffusion coating”. Oxidation of Metals, Vol. 54. 

Bestor, M.A., Alfano, J.P. and Weaver, M.L., 2011. “Influences of chromium and hafnium additions on the 
microstructures of b-nial coatings on superalloy substrates”. Intermetallics 19, p. 1693-1704. 

Brumm, M. W. and Grabke, H. J., 1992. “The oxidation behaviour of NiAl - I. Phase transformations in the alumina 
scale  during oxidation of nia1 and niai-cr alloys”. Corrosion Science, Vol. 33, No. 11, p. 1677-1690. 

Choux, C., Kulin´ska, A.J. and Chevalier, S., 2007. “High temperature reactivity of nickel aluminide diffusion 
coatings”. Intermetallics, Vol. 16.  

González-Carrasco, J.L., Pérez, P., Adeva, P., Chao, J., 1999. “Oxidation behaviour of an ODS NiAl-based 
intermetallic alloy”. Intermetallics, Vol. 7, p. 69-78. 

Goward, G.W., 1998. “Progress in coatings for gas turbine airfoils”. Surface and Coatings Technology, Vol 108.  

Liu, P.S. and Liang , K.M., 2000. “A new way to evaluate the high-temperature oxidation life of aluminide coatings on 
Co-base superalloys in air”. Surface and Coatings Technology, Vol. 126, p. 64-68. 

Leyens, C., Fritscher, K., Peters, M. and Kaysser, W. A., 1995. “Phase Stability, Oxidation, and Interdiffusion of a 
Novel Ni-Cr-AI-Ti-Si Bond-Coating Alloy Between 900 and ll00ºC”. Oxidation of Metals, Vol. 43. 

Prasanna, K. M. N., Khanna, A. S., Chandra, R. and Quadakkers, W. J., 1996. “Effect of θ-Alumina Formation on the 
Growth Kinetics of Alumina-Forming Superalloys”. Oxidation of Metals, Vol. 46. 

Prescott, R. and Graham, M. J., 1991. “The Formation of Aluminum Oxide Scales on High-Temperature Alloys”. 
Oxidation of Metals, Vol. 38. 

Qiong Wu, Shusuo Li, Yue Ma, Shengkai Gong, 2013. “Study on behavior of NiAl coating with different Ni/Al ratios”. 
Vacuum 93, p. 37-44. 

Rafieea , H., Arabib, H. and Rastegaria, S., 2010. “Effects of temperature and Al-concentration on formation 
mechanism of an aluminide coating applied on superalloy IN738LC through a single step low activity gas diffusion 
process”. Journal of Alloys and Compounds, Vol. 505, p. 206-212. 

Tolpygo, V. K. and Clarke, D. R., 1998. “Wrinkling of α-alumina films grown by oxidatio - II. Oxide separation and 
failure”. Acta mater. Vol. 46, No. 14, p. 5167-5174. 

Tu, D. C. and Seigle, L. L., 1982. “Kinetics of formation and microstructure of aluminide coatings on ni-cr alloys”. 
Thin Solid Films, Vol. 95, p. 47-56. 

Bifei Yuan, Longwen Yu, Guiwu Lu, 2010. “Oxidation resistance of low-temperature pack aluminizing coatings on ni-
base superalloy”. International Journal of Modern Physics B, Vol. 24, Nos. 15 & 16, p. 3185–3189. 

 
6. RESPONSIBILITY NOTICE 

 
The authors are the only responsible for the printed material included in this paper. 

ISSN 2176-5480

9485




