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Aluminide coatings were developed on low alloy AISI 4130 steel in the temperature range of 500~700 °C by
pack cementation method. A Fe,Als phase was produced on the surface of the steel samples. The coating layer
showed a single and a uniform structure. The growth kinetics of the coating layer exhlblted a diffusional

growth. The activation energy for formation of Fe,Als was estimated to be 53.7 kJ mol .

Oxidation tests were

carried out for both the aluminized and the bare steels in the temperature range of 500~700 °C. In the case of
the coated specimens, the upper region of the aluminide layer was converted to an ALO; layer. The oxidation
resistance tests showed that the presence of Fe,Als layer increased the oxidation resistance of AISI 4130 steels
via formation of the ALLO; layer. The coated specimen exhibited an increased oxidation resistance by about two
orders. The kinetics of the coating layer has also been discussed in terms of microstructural observations

and estimation of the corresponding parameters.
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1. INTRODUCTION

Chrome-moly steel has been widely used for a variety of
applications, such as aerospace structural components, welded
tubing applications, rock-crushing machinery and automo-
tive parts [1-4]. However, the instability of this type of steel,
under high temperature operating conditions imposes serious
limitations in their structural applications under severe envi-
ronments. One of the most plausible explanations for such
failure is development of a hematite (Fe,O;) layer on top of
Cr,0; scales at high temperature (~1000 °C). There arises a
mismatch between the thermo-mechanical properties of the
two layers, which causes spalling and cracking, and eventually
resulting in a significant degradation of their original properties
[5,6]. One approach to overcome this problem is through the
application of protective coatings on alloy steels. High tem-
perature-resistant coatings are expected to protect the substrate
under extreme operating conditions. Among the various deposi-
tion techniques, viz. plasma spray, pack cementation, and
physical vapor deposition [7-9], the pack cementation pro-
cess is one of the most effective and inexpensive methods.
Thus, pack-aluminizing has been widely used to deposit uni-
form coating layers on steels [9,10] and superalloys [8,11] in
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order to improve their high temperature oxidation and cor-
rosion resistance [11,12] properties. Particularly, the forma-
tion of iron-aluminides (FeAl, Fe;Al and Fe,Als) offers a
combination of attractive properties, such as low cost, low
density, good wear resistance, ease of fabrication and resis-
tance to oxidation and sulphidation at high temperatures [12].
The high temperature resistance of most of these aluminides
is based on the formation of a continuous protective layer of
ALO; when exposed to oxidizing atmospheres. Indeed, the
coating layer can provide a good diffusion barrier to with-
stand high temperature oxidation and therefore, increase the
life time of steel in aggressive atmospheres [7,12,13].

The present study is aimed to investigate the oxidation
resistance of AISI 4130. Diffusion coating layers were devel-
oped at relatively low temperatures via pack cementation
process and the oxidation resistance of the aluminized and bare
steels were evaluated at the temperature range 500-700 °C.
Investigated were also conducted on the growth kinetics of
iron-aluminide layers, formed by Al pack cementation on
AISI 4130 steel substrates, along with studies on the oxida-
tion kinetics of aluminized and bare AISI 4130 specimens.

2. EXPERIMENTAL PROCEDURE

Commercial AISI 4130 steel was used as a starting sub-
strate. Its chemical composition is shown in Table 1. The
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Table 1. Chemical composition (wt.%) of AISI 4130 steel

Mn ‘Mo P Si S Fe
0.55 025 0.035 025 0.04 Balance

Cr
1.1

C
0.28

specimens with dimensions of 10x10x5 mm were polished
with a SiC abrasive paper of grade 2000 for finishing, and
they were subsequently cleaned using ethanol in an ultra-
sonicator. The pack cementation process was employed to
form a coating layer on the surface of the 4130 steel using a
mixture of powder of composition, ALO; 65%, Al 30%,
and AICI; 5%. Al acted as a depositing source, AlCl; as an
activator and Al,Os as inert filler. A cylindrical alumina cru-
cible (30 mm diameter and 40 mm height) was filled with the
above powder mixture. The crucible was vibrated during the
various filling stages to obtain a relatively uniform and dense
pack.
Only one specimen was placed in the pack, the crucible
was then covered with an alumina lid and sealed with alumina
cement. The whole pack was loaded into a tube furnace with a
continuous flow of Ar gas. The furnace was heated to a desired
temperature at a rate of 5 °C/min from room temperature,
and was held for desired annealing duration. Selected annealing
temperatures were 500, 600 and 700 °C. Heating duration at
each desired temperature was varied to 6, 12, and 24 hours.
The sample was then cooled to room temperature under
Argon. On cooling, the specimen was removed from the crucible

Atomic Percent Aluminum

and ultrasonically cleaned in ethanol to remove any loosely
embedded pack particles.

For static oxidation experiments, both the aluminized
AISI steels and bare AISI steels were used. The samples were
oxidized at various temperatures of 500, 600, and 700 °C.
The oxidation time was also varied, i.e. 30, 50 and 100 hours at
each selected temperature. Weight measurements, X-ray diffrac-
tion (D/Max 2500H, Rjgaku®), scanning electron micros-

copy (SEM, JEOL-6300), and energy dispersive spectroscopy
(EDS) techniques were employed to examine the effect of
oxidation on the physical, microstructural, and chemical

compositional properties of the samples.

3. RESULTS AND DISCUSSIONS

3.1. Al pack cementation: microstructure and kinetics
The Fe-Al equilibrium phase diagram is shown in Fig. 1.
The system is characterized as an iron-based solid solution
and six intermetallic compounds of Fe;Al, FeAl (02), FeAl,
Fe:Al; (g), Fe,Als and FeAls (Fig. 12) [14]. In the present
study, the Fe-Al intermetallic phase formation during Al
pack cementation process was focused. The results of X-ray
diffraction of the aluminized coatings at 500 °C for 6, 12
and 24 hours are shown in Fig. 2. All the major peaks of the
aluminized surface layer matched well with those of the
Fe;Alsphase. The EDS data showed that the concentrations
of Fe and Al was 71.61% and 28.39% (Fig. 3), which was
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Fig. 1. Fe-Al Phase diagram [14].
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Fig. 2. XRD patterns of aluminized AISI 4130 steel heated at 500 °C
for, (a) 6 h, (b) 12 h, and (c) 24 h.
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Fig. 3. Surface morphology of the aluminized AISI 4130 steel at
500° C for 24 h.

very close to the value of Fe,Als. The XRD and EDS results
suggested a Fe,Als layer was formed on the surface by Al
pack cementation process. To further confirm our conclusion,
we investigated the cross sectional image of the aluminized
layer and its chemical composition (Fig. 4). The EDS results
also showed that the Al and Fe concentration across the coating
depth remained almost constant with Al to Fe atomic ratio
of 2.43. It is thus clear that a uniform single surface layer of
Fe,Als has been formed. Furthermore, these results are con-
gruent with the recent studies of other groups summarized
in Table 2. Xiang and Datta [9] and Behrani [15] used sim-
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Fig. 4. BSE cross sectional image of the aluminized AIST 4130 steel
at 500 °C for 24 hr.

ilar pack cementation at different temperatures, and Jindal
et al. [16] used solid state diffusion couple in the formation
of Fe-Al intermetallic compounds. In every case the Fe,Als
phase was found to be formed on the surface.

The formation of the intermetallic layer on the steel sur-
face can be represented by the following equation.

5 Al girr+ 2 Fe gir = FesAls (1)

Diffusion controlled growth kinetics can be written as:
X=k t"* where X=coating layer thickness, k=kinetic param-
eter and t=time. Figure 5 plots the coating layer thickness
with respect to the square root of time (t"?), and shows that
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Fig. 5. Plots of Fe,Als layer thickness as a function of square root of
the aluminizing time at 500, 600, and 700 °C, showing the growth
kinetics of Fe,Als layer on AISI 4130 steel.

Table 2. Results from recent literature of the Fe-Al system

Reference Processing Method Annealing Temperature  Intermetallics Detected  Activation Energy (Q ) kJ mol”
[9] Pack cementation 650 °C Fe,Als 73.33
[15] Pack cementation 650-900 °C Fe,Als 68.58
[16] Solid state diffusion couple 500 °C Fe,Als -
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Fig. 6. Plot of kinetic parameter (k) versus the aluminizing tempera-
ture T for the Fe,Als layer.

the growth kinetics of the coating layer follows a diffusional
mode. The kinetic parameter values were estimated to be
9.62, 15.44 and 22.74 for the growth temperature of 500,
600 and 700 °C, respectively. A higher value of the kinetic
parameter with increasing temperature indicates that a higher
deposition rate can be obtained at a higher growth temperature.

Figure 6 plots natural log of the kinetic parameter as a
function of 1/T (T is the absolute temperature). It essentially
shows a linear relationship, suggesting that a simple Arrhe-
nius relationship can be used to describe the effect of tem-
perature on the growth rate (k):

Ink=-Q/(RT)+C ©)

where, Q is the activation energy, R the gas constant and C
is a constant. A least square fit to the data gave a slope 2.81
for the straight line, from which the activation energy cal-
culated was 53.70 kJ mol . The activation energy values reported
by other researcher are summarized in Table 2. Vikas Beh-
rani [15] calculated the activation energy as 68.58 kJ mol" for
Al pack cementation processing in the range 650-900 °C on
commercial carbon steel tube SA210 (Fe-0.93Mn-0.27C-
0.1Si) [15]. Xiang and Datta estimated the activation energy
to be 73.33 kJ mol ' and 77.3 kJ mol™ for p-92 alloy steel
(Fe-2.25Cr-1.0C) and for low alloy steel (Fe-9Cr-1.0Mo-0.1C),
respectively [9,17]. The above reported values are slightly
are higher than the activation energy obtained in the current
study. This is probably because the kinetics of formation of
aluminide coatings on steel depends on the structure of the
substrate steel, the alloying elements, the structure of the
coating formed, and the coating process parameters.

3.2. Oxidation resistance: microstructure and kinetics
The static oxidation treatment of aluminized AISI 4130
steel resulted in the formation of an ALLO; layer on the top
of the Fe,Als layer. EDS (Fig. 9) and XRD (Fig. 7) data con-
firmed the formation of the ALL,O; layer on the surface. A
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Fig. 7. XRD patterns of AISI 4130 steel, which was sequentially alu-
minized and oxidized at 500 °C for, (a) 30 h, (b) 50 h, and (c) 100 h.
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Fig. 8. XRD patterns of bare AISI 4130 steel oxidized at 500 °C for,
(a) 30 h, (b) 50 h, and (c) 100 h.
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Fig. 9. Surface morphology of aluminized AISI 4130 steel after oxi-
dation at 500 °C for 30 h.

minor amount of Fe (3.24%) was also detected in the EDS
analysis, which was due to some left over Fe,Als layer. EDS



Kinetics of Fe;Als Phase Formation on 4130 Steel by Al Pack Cementation and Its Oxidation Resistance 5

AISI 4130 steel

20kV  X2,000 10pm

AISI 4130 steel

20kV  X2,000 10pm

Fig. 10. BSE cross sectional images of AISI 4130 steel, which was sequentially aluminized and oxidized, (a) at 500 °C for 30 h, and (b) at 700 °C
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Fig. 11. Weight change vs time” of (a) the aluminized AIST 4130 steel and (b) bare AISI 4130 steel, oxidized at 500, 600, and 700 °C in air.

analysis of the cross section further confirmed the formation
of a continuous AL,O; scale on the top of the steel surface
(Fig. 10). The cross section image shows a good bonding
between the coating layer and the oxide layer on the steel
surface. The thickness of ALO; layer was 2 pm and 4 pm under
the oxidation conditions of 500 °C for 30 hrs and 700 °C for
100 hrs, respectively.

By contrast, porous Fe,O; layer with almost no presence
of other metal elements was formed in the case of an uncoated
steel sample after oxidation. This implied that the Fe,O;
layer was formed via the outward Fe diffusion. XRD results
confirmed the formation of Fe,Os layer on the surface of the
uncoated specimens after oxidation (Fig. 8).

Previous work have shown that the presence of Al in the
top layer of a steel can effectively improve the high temperature
oxidation property of the steel [18,19]. In this study, the alu-
minizing process followed by the oxidation treatment gener-
ated an AL,O; layer on the top, which had a high Al content. It is
thus fairly reasonable to expect that aluminized steel would
have a better oxidation resistance than the bare steel.

To examine the effect of the presence of Fe,Als layer on

Table 3. Parabolic oxidation rate constant Kp for oxidation of t
coated and uncoated systems in air

Coated specimen Uncoated specimen

Temperature

Kp value Kp value
500 °C 0.0025 0.0602
600 °C 0.0029 0.1513
700 °C 0.0036 0.1947

he oxidation resistance, both the aluminized and the bare
AISI 4130 steels were subjected to static oxidation in the
temperature range 500-700 °C. The changes in weight (mg/cm’)
of both the steels on oxidation are plotted against the square
root of the oxidation time (t'?) (Fig. 11). Similarly as before,
the diffusion controlled growth kinetics may be written as
m=k ", where m=specimen weight, k=kinetic parameter
and t=time. The oxidation rate constants obtained are listed
in Table 3. The oxidation rate constants for the coated 4130
steels are much lower than those for the uncoated steels at
each tested condition. As shown in Fig. 11, the coated spec-
imens showed a very little weight change at 700 °C for the
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oxidation time up to 100 hours (0.03178 mg/cm’). On the
other hand, under similar conditions, the uncoated specimen
showed a much larger weight change of 2.3725 mg/cm’. The
reason for this large difference is possibly due to limited oxygen
diffusion through the dense Al,O; surface layer to come in
contact with the metal underneath in the coated specimen.
However, the uncoated steel suffers greater a weight change
due to rapid oxidation of the steel, which can be explained
by vaporization of the surface element volatilization upon
oxidation. Therefore, the current research shows that alumi-
nizing treatments have greatly improved the oxidation resis-
tance of AISI 4130 steel.

4. SUMMARY

A Fe,Als layer was synthesized on the AISI 4130 steels by
the pack cementation at various temperatures, within the
range of 500-700 °C. The activation energy of growth of the
Fe,Al; layer was 53.70 kJ mol™. During the oxidation of the
Fe,Al; layer in the temperature range 500~700 °C, a thin layer
of alumina (ALO;) was formed on the surface. An evalua-
tion of oxidation rate constants in the temperature range of
500-700 °C showed that the coated samples were signifi-
cantly lower than that of the uncoated samples by about two
orders of the magnitude. The results obtained in the current
study show that aluminizing process greatly improves the
oxidation resistance of AISI 4130 steel.

ACKNOWLEDGEMENTS

JSP appreciates financial support of Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Science and
Technology (contract No. 2013R1A1A2007650).

REFERENCES

1. T. V. Philip, Ultrahigh-strength steels. ASM handbook, Volume
1, Properties and Selection: Irons, Steels, and High Perfor-
mance Alloys, p.211, ASM International, USA (2003).

2.D. B. Lee, Korean J. Met. Mater. 52, 899 (2014).
3.J. Y. Choi, S. W. Hwang, M. C. Ha, and K. T. Park, Met.
Mater. Int. 20, 893 (2014).
4.S. K. Kwan, Y. M. Kong, and J. H. Park, Met. Mater: Int.
20, 959 (2014).
5.E.N’Dah, S. Tsipas, M. P. Hieero, and F. J. Perez, Corros
Sci 49, 3850 (2007).
6. B. Helene and B. V. Jean, Procedia Eng. 2,917 (2010).
7. A. Aguero, J. Garciade Blas, R. Muelas, A. Sanchez, and S.
Tripas, Mater. Sci. Forum 369-372, 939 (2001).
8.Z. D. Xiang, J. S. Burnell-Gray, and P. K. Datta, J. Mater.
Sci. 36, 5673 (2001).
9.Z.D. Xiang and P. K. Datta, Acta Mater., 54, 4453 (2006).
10. B. L. Bates, Y. Q. Wang, Y. Zhang, and B. A. Pint, Surface
& Coatings Technol 204, 766 (2009).
11. B. Ching-Yuan, L. Yi-Jun, and K. Chun-Hao, Surface &
Coatings Technol 183, 74 (2004).
12.Z. Zhan, L. Zhong, L. Jianxiong, L. Li, Z. Li, and P. Liao,
Applied Surface Science 256, 3874 (2010).
13.P. F. Tortorelli and K. Natesan, Mater Sci Eng A258, 115
(1998).
14. H. Okamoto, Phase diagrams for binary alloys, ASM Inter-
national, p.31, USA (1992).
15. V. Behrani Ph.D. Thesis, Georgia Institute of Technology,
USA (2007).
16. V. Jindal, V. C. Srivastava, A. Das, and R. N. Ghosh, Mate-
rials Letters 60, 1758 (2006).
17. Z. D. Xiang and P. K. Datta, Surface and Coatings Technol-
ogy 184, 108 (2004).
18. J. Li, J. Wang and X. Holly, Mater Sci Technol 19, 657 (2003).
19. M. A. Montealegre, J. L. Gonzalez-Carrasco, and M. A. Munoz-
Morris, Intermetallics 9, 487 (2001).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


