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Abstract The effect of platinum (a rare metal)–aluminide

coating parameters on the tensile properties of nickel-based

superalloy Rene�80 was evaluated at 871 �C. For this

purpose, initial layers of platinum with different thick-

nesses (2, 4, 6 and 8 lm) were coated on tensile samples.

Then, low-temperature high-activity (LTHA) and high-

temperature low-activity (HTLA) processes were used for

aluminizing. Results of microstructural evaluations using

scanning electron microscope (SEM) and phase analysis by

X-ray diffraction (XRD) showed a three-layer structure

coating for different platinum layer thicknesses and both

aluminizing processes. Increasing the thickness of the

platinum layer from 2 to 8 lm led to the improvement in

the final coating thickness from 91.6 to 102.1 lm in

HTLA. This increase was from 128.1 to 148.6 lm in

LTHA. The results of hot tensile tests at 871 �C showed a

decrease in strength properties of the coated samples

compared to the uncoated ones. However, HTLA and high

thicknesses of the initial platinum layer showed an intense

reduction. The results of fractographic evaluations about

uncoated samples showed a ductile fracture. On the other

hand, coated samples showed a simultaneous ductile and

brittle fracture failure mechanism. But the main fracture

morphology was brittle cleavage fracture which was for the

HTLA.
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1 Introduction

The nickel-based superalloy Rene�80, due to its good

mechanical properties and corrosion resistance at high

temperature, has been widely used in manufacturing tur-

bine blades [1–3]. In most cases, this precipitation-hard-

ened superalloy is generally used at the temperature range

of 760–982 �C [4]. In order to enhance its oxidation

resistance, aluminide diffusion coatings are used for its

surface. At high temperatures, aluminum in the surface of a

coated substrate can be oxidized, and a dense alumina layer

is formed. This layer acts as a diffusion barrier and reduces

the oxidation rate of the substrate [5, 6]. Nowadays, alu-

minide diffusion coatings (which are based on intermetallic

b-NiAl phases) can be modified by rare elements such as

platinum to improve their hot corrosion and cyclic oxida-

tion resistance [7–9]. After using the platinum layer, alu-

minum is diffused into the surface in order to achieve the

platinum–aluminide (Pt–aluminide) coatings. It is worthy

noting that, based on the aluminum content in aluminizing

source, the diffusion treatment can be done by two meth-

ods: low-temperature high-activity (LTHA) and high-tem-

perature low-activity (HTLA) [7]. Depending on the

thickness of the initial platinum layer and prior diffusion

treatment, as well as, aluminizing process, the outer layer

of Pt–aluminide coatings may show three main
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microstructures which consist of single PtAl2, dual b-(Ni,

Pt)Al ? PtAl2 or single b-(Ni, Pt)Al phase [10]. In the

diffusion coatings, the differences in the composition of the

coating and substrate, as a result of coating and substrate

elements combinations, have a significant effect on the

mechanical properties of the alloy.

The study of Rahmani and Nategh [11] showed a

declination of yield and ultimate strength properties of

Rene�80 alloy after applying a plain aluminide coating at

871 �C. Also, Alam et al. [12] evaluated the tensile prop-

erties of the CM-247LC alloy with a single-phase Pt–alu-

minide coating under an LTHA process which showed a

different fracture behavior at the temperatures lower and

higher than the ductile-to-brittle transition temperature

(DBTT). Brittle fracture occurred below DBTT, while

ductile fracture was observed above DBTT. They also

reported that at the same condition, the DBTT of Pt–alu-

minide coatings was almost 100 �C higher than that of the

plain aluminide coatings. Taylor et al. [13] evaluated the

tensile creep properties of a b-rich (Ni, Pt)Al diffusion

coating which was used on CMSX4 and Haynes75 under

various strains at the temperature range of 800–1000 �C.

They found that the tensile creep strength of the diffusion

coating was higher than that of the similar coatings tested

by the others. They reported that original aluminum and

platinum contents of the b-(Ni, Pt)Al coating play a sig-

nificant role in tensile creep strength of coated alloy. The

research conducted by Esin et al. [14] was about the thin-

coated alloy AM1 with single-phase Pt–aluminide, indi-

cating that thermal aging led to an increase in coating

ductility.

A review about the related studies showed that in spite

of some researches on the mechanical properties of the bare

Rene�80, no evaluation has paid to the effect of Pt–alu-

minide coating on the mechanical properties, fracture sur-

face and cracking behavior of Rene�80 under tensile

loading. Also, simultaneous effects of the initial platinum

layer thickness and aluminizing methods on tensile prop-

erties of superalloy Rene�80 have been rarely evaluated.

It should be mentioned that evaluation about the

mechanical behavior of Pt–aluminide-coated Rene�80

plays a significant role in the design and application of this

coating for manufacturing gas turbine engine parts.

Therefore, in the present study, the effect of important

parameters of Pt–aluminide coating, such as thickness

variations of the initial platinum layer (2, 4, 6, 8 lm) and

aluminizing process (HTLA and LTHA), was evaluated on

the coating structure and tensile properties of superalloy

Rene�80 at 871 �C. Also, the variation in tensile properties

of superalloy Rene�80 with coating parameters was cor-

related with fracture surface features and cracking behavior

of the coatings.

2 Experimental

The chemical composition of the nickel-based superalloy

Rene�80 used as the substrate in this study is listed in

Table 1, where Rz, R, d0, L0, d1, h, Lc and Lt are required

surface finish, radius, test piece width, original gauge

length, width of gripped ends, length of gripped ends,

parallel length and total length of test piece, respectively.

Before starting the coating process, based on DIN-50125

standard, tensile samples were prepared (according to

Fig. 1) through machining of the raw ingots obtained from

investment casting. In order to certify the lack of defects in

the tensile samples, nondestructive tests such as fluorescent

penetration inspection (FPI) and X-ray inspection were

carried out according to ASTM E1417 and E1742. The

results showed no surficial or internal defects.

The next step involved a solution heat treatment at

1205 �C for 2 h and initial aging treatment at 1095 �C for

4 h. Then, an intermediate nickel layer with a thickness of

1–2 lm was applied to improve the platinum layer coher-

ence to the surface. Platinum plating was carried out using

an electrolyte solution containing 14–18 ml type P salt (Pt

(NH3)2(NO2)2), 70–90 g�L-1 Na2CO3, 40–70 g�L-1

NaCH3COO and 1 L distilled water [15]. Different plating

times (3–6 h) (at temperature of 90 �C, current density of

0.2–0.4 A�dm-2 and pH = 10.5) were used in order to

obtain different thicknesses of platinum layer (2, 4, 6 and

8 lm). Heat treatment of the platinum layer was carried out

to increase the adhesion and improve the platinum distri-

bution on the substrate surface at 1050 �C for 2 h. The

samples were cooled down to 400 �C in the furnace and

then air-cooled [16].

Aluminizing process was carried out using two different

methods of LTHA at 750 �C for 4 h followed by post-

aluminizing for 2 h at 1050 �C and HTLA at 1050 �C for

2 h using the pack cementation method. The composition

of the cementation powder included 2NH4Cl–12Al–

86Al2O3 (wt%) and 1NH4Cl–4Al–95Al2O3 (wt%) for

LTHA and HTLA methods, respectively. Finally, after the

formation of the Pt–aluminide coating on the surface, the

samples were aged at 845 �C for 16 h. Before starting the

tensile test, microstructural analysis was conducted using a

TESCAN scanning electron microscope (SEM) equipped

with energy-dispersive spectroscopy (EDS), and in order to

ensure the quality of the coating, this analysis was repeated

after the test to evaluate the fracture surfaces according to

ASTM E3, ASTM E407 and ASTM E883 standards. X-ray

diffraction (XRD) analysis was also performed to deter-

mine the phase distribution and residual stress of the

coatings (Inel Equinox 6000 with X’Pert High Score Plus

v2.0, Cu Ka1 with graphite monochromatic, 2h = 16�–
93�). Microhardness test was carried out perpendicular to

the Pt–aluminide coating and its substrate, according to
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ASTM E384 using an automatic Akashi microhardness set

through the application of the force equal to 0.49 N.

Macro-hardness measurement was also evaluated based on

ASTM E18 using Wilson apparatus under the force of

1471 N on the substrate. Tensile tests were conducted at

871 �C and the strain rate of 1.6 9 10-4�S -1 on the coated

and uncoated samples using an ATM CR-100KN machine

equipped with an electrical furnace capable of working at

temperatures up to 1000 �C, according to the ASTM E21

standard.

3 Results and discussion

3.1 Microstructure of coatings

Before evaluation about the Pt–aluminide coating and after

aluminizing process in both methods of LTHA and HTLA,

the microstructure and hardness of the substrate were

evaluated to test their variability. The results indicated a

fixed c0(Ni3(Al,Ti)) phase for both LTHA and HTLA

methods in a way that the area percentage of this phase was

equal to (38 ± 4)%. Hardness of the alloy was HV 406 and

HV 410 for HTLA and LTHA, respectively.

For different platinum thicknesses, the microstructure of

the Pt–aluminide was estimated for HTLA and LTHA

methods, as shown in Figs. 2, 3, in which, for both alu-

minizing methods, the microstructure of the outer layer

coating included bi-phase encompassing n-PtAl2 and b-(Ni,

Pt)Al. The following layers were b-(Ni, Pt)Al (single-phase

intermediate layer) and inter-diffusion zone (IDZ, the final

layer of coating-substrate interface), respectively. IDZ

contained b, c0 and topologically closed pack (TCP) phases

[14]. The variations in IDZ composition were associated

with the segregation of refractory elements such as: tung-

sten, titanium, chromium, molybdenum and cobalt.

XRD analysis was performed in order to recognize the

phases in the coating, especially in n-PtAl2, and ensure the

transition of the hard phase of Ni2Al3 to the softer phase of

b-NiAl in LTHA, and its results are provided in Fig. 4.

Accordingly, the PtAl2 and NiAl phases were identified,

which are in good agreement with the results obtained by

Krishna et al. [17]. Results also showed the lowest for-

mation of PtAl2 phase for HTLA with an initial platinum

layer thickness of 2 lm, while the highest amount of the

PtAl2 phase was formed in LTHA with a platinum thick-

ness of 8 lm.

Thickness measurement in HTLA and LTHA methods

showed a direct effect of platinum layer and aluminizing

method on the final thickness of the coatings. Increasing

Fig. 1 Dimensions of tensile test sample according to DIN50125

standard (mm)

Fig. 2 SEM images of Pt–aluminide coating in HTLA with platinum

layer thicknesses of a 2 lm, b 4 lm, c 6 lm and d 8 lm

Table 1 Chemical compositions of nickel-based superalloy Rene�80 used in this study (wt%)

C Cr Co Mo W Al Ti Fe Zr V B Si Mn Ni

0.16 13.81 9.69 4.23 4.02 3.02 4.87 0.12 0.05 0.05 0.02 0.02 0.03 Bal.
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Fig. 3 SEM images of Pt–aluminide coating in LTHA for platinum layer thicknesses of a 2 lm, b 4 lm, c 6 lm and d 8 lm

Fig. 4 XRD patterns of samples prepared by a HTLA and b LTHA methods with different thicknesses of initial platinum layer
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the initial platinum layer thickness from 2 to 4, 6 and 8 lm

in HTLA method led to final thicknesses of 91.5, 93.5, 95.6

and 102.1 lm, respectively; with the same order, the

thicknesses were equal to 128.1, 138.9, 140.4 and

148.6 lm for LTHA method. The variations in the thick-

ness of the Pt–aluminide coating for different initial plat-

inum thicknesses in HTLA and LTHA methods are

provided in Table 2 (two sections were measured, and the

average value was reported).

It can be observed that the increase in initial platinum

layer thickness resulted in the enhancement of the b
(NiAl) ? n (PtAl2) outer layer for both HTLA and LTHA

methods, which could be due to the direct relationship

between increased initial platinum layer thickness and

elevated n-PtAl2 phase content (Fig. 4) [18]. On the other

hand, Ni atom diffuses faster in the Pt–containing NiAl

structures [19, 20]. Therefore, more Ni atoms can diffuse

from substrate to react with Al which will lead to the

formation of thicker b-(Ni, Pt)Al coating on the surface.

Regarding high amounts of aluminum in LTHA, the

thickness of b-(Ni, Pt)Al was also higher than that in

HTLA [21]. As a result, relatively thicker n-PtAl2 ? b-(Ni,

Pt)Al coatings were formed on the samples with thicker

platinum plating and higher amount of Al in the alu-

minizing source. The thickness of the IDZ layer which is

the place for the accumulation of refractory elements is

also reported to be lower in LTHA in comparison with

HTLA. Chromium is an important element of IDZ, which

can produce TCP phases (such as r-(Co, Cr) intermetallic)

[22]. As shown in Fig. 5, the distribution of this element

was evaluated by EDS line-scan analysis at magnification

for both aluminizing methods. Clearly, the presence of

chromium in IDZ layer was higher in HTLA method.

Indeed, due to the higher thickness of the b layer in LTHA,

more chromium content was dissolved in this layer, which

resulted in less Cr content of IDZ [18].

Table 2 Thickness of Pt–aluminide layers as a function of initial

platinum layer thickness for two aluminizing methods: HTLA and

LTHA

Initial thickness/lm Phase Thickness of Pt–aluminide layers/lm

HTLA LTHA

2 IDZ 8.9 4.5

b 50.9 84.5

b ? n 31.7 39.1

4 IDZ 9.1 4.9

b 48.5 93.3

b ? n 35.9 40.7

6 IDZ 10.8 4.3

b 43.6 92.4

b ? n 41.3 43.7

8 IDZ 13.5 4.4

b 45.0 97.2

b ? n 43.6 45.4

Fig. 5 Comparison of variation of chromium in LTHA and HTLA for platinum layer thicknesses of a 2 lm, b 4 lm, c 6 lm and d 8 lm
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Figures 6, 7 show the variations of nickel, platinum and

aluminum contents in the perpendicular direction of the

coatings at different thicknesses of the platinum layer

under the two aluminizing conditions (HTLA and LTHA).

The results showed an internal diffusion of platinum and

aluminum and external diffusion of nickel. Platinum initial

thickness also influenced the diffusion depth and concen-

tration gradient of this element.

3.2 Tensile properties

The results of tensile test at 871 �C about the uncoated

(after heat treatment according to AMS5403) and coated

samples (two samples for each method) are presented in

Tables 3 and 4, respectively.

For both LTHA and HTLA methods, yield strength (YS)

and ultimate strength (UTS) decreased in coated samples as

compared to their uncoated counterparts. The decrease in

these properties was bigger in HTLA than in LTHA, which

was enhanced by increasing the thickness of the platinum

layer. Moreover, compared to those of the uncoated

samples, ductility (elongation (EL) and reduction in area

(RA)) showed a lower decrease for coated samples with

platinum layer thicknesses of 2, 4 and 6 lm in LTHA

method. However, in a platinum thickness of 8 lm, this

decrease was more intense in LTHA method.

The decrease in tensile properties of coated alloy

Rene�80 samples can be attributed to the variations in their

DBTT. DBTT highly depends on coating process, the coat-

ing thickness and chemical composition, phase distribution

and microstructure [23]. Below DBTT, the properties of the

coating are highly different from the substrate, whereas

differences in the properties of the metal coatings and the

substrate decrease the temperature range above DBTT [11].

Fig. 6 Variations of concentration and diffusion depth of a platinum, b aluminum and c nickel in LTHA for different platinum layer thicknesses

Table 3 Tensile test results on alloy Rene�80 (uncoated) at 871 �C

Samples UTS/MPa YS/MPa EL/% RA/%

AMS 5403/min 620 415 – 15.0

Sample 1 706 595 9 16.5

Sample 2 696 585 7 15.5

Fig. 7 Variations of concentration and diffusion depth of a platinum, b aluminum and c nickel in HTLA for different platinum layer thicknesses
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Therefore, the working temperature of alloy Rene�80 should

be chosen in a way that the properties of its coating remain in

the ductile range [24]. Alam et al. [25] evaluated DBTT of

Pt–aluminide for different platinum layer thicknesses in

LTHA. The results of this study showed that by increasing

the initial platinum layer thickness, DBTT increased in the

sequence of 721, 752 and 795 �C for platinum layer thick-

nesses of 2, 5 and 10 lm, respectively. Equation (1) shows

the direct relationship between enhancements of DBTT and

platinum layer thickness [25]:

TDBTT ¼ 698 þ 10tPt ð1Þ

where TDBTT is ductile-to-brittle temperature (�C) and tPt

shows the platinum layer thickness.

In aluminide diffusion coatings, increasing the content

of alloy elements in the phase composition (Ni, Pt)Al could

lead to an increase in the DBTT range. Moreover, creation

of PtAl2 phase in the outer layer and increase in its amount

by platinum content enhancement will finally result in the

promotion of this temperature range [25].

Owing to the presence of brittle and intermetallic phases

of PtAl2 and (Ni, Pt)Al in Pt–aluminide coatings, the

fracture stress of the coating is lower than that of the

substrate. For instance, yield and ultimate strengths of

high-activity Pt–aluminide coatings were equal to 200 and

300 MPa at a temperature range of 800–900 �C, respec-

tively [26] which was lower than the yield strength

(590 MPa) and ultimate strength (701 MPa) of Rene�80

alloy (Table 3). Different fracture stress will be made with

this huge difference between the coating and substrate

strengths that give rise to the formation of some cracks on

the coating during the usage of tensile load. By propagation

of these cracks into the substrate, the remained cross sec-

tion will tolerate lower load. Therefore, these surficial

cracks in the coating can explain the reduction in strength

properties of coated Rene�80 alloy in comparison with

those of its uncoated counterpart [12, 24].

It should be mentioned that one of the other causes of

decline in strength properties of the alloy was the increase

in coating thickness. The cracks which had been formed in

high-thickness coatings had higher length and depth, and

therefore, higher stress fields will be presented at the crack

tip. In the present study, an increase in coating thickness

resulted in the decrease in tensile properties for both alu-

minizing methods (HTLA and LTHA). However, despite

higher thickness in LTHA method, the tensile properties

showed less decrease compared to those in HTLA, which

could be due to other factors such as coating stoichiometric

composition and elemental distribution in the coating and

substrate, as well as, residual stress which will be addres-

sed next.

Despite bi-phase coatings in HTLA and LTHA methods,

the chemical composition and stoichiometry of phases

were different due to the differences in aluminum, plat-

inum, nickel and refractory element’s content. The single-

phase intermediate layer of b-(Ni, Pt)Al played an impor-

tant role in strength properties of the coatings as it had an

effect on DBTT as well as the fracture type [12, 26]. In a

perfect stoichiometric state, the atomic ratio of (Ni ?

Pt):Al is 50:50. In case of any deviation from the perfect

stoichiometry (d), the ratio of (Ni ? Pt):Al will be changed

to (50 ? d)/(50-d) [12]. If this deviation (d) is negative,

this phase will be hyper-stoichiometric (Al-rich); other-

wise, it is hypo-stoichiometric (Ni-rich), while zero devi-

ation shows a perfect stoichiometry. The effective factors

in strength properties are chemical composition of the

coatings and their consequent defects in the coatings

structure. Vacancy defects are more evident in hyper-sto-

ichiometric coatings, while the substitutional or anti-site

defects are dominant prominent in hypo-stoichiometric

coatings. In comparison with substitution defects, vacancy

defects will result in a higher increase in hardness [27]. In

this study, according to Fig. 8, microhardness values of

LTHA were higher than those of HTLA. Therefore, it can

Table 4 Tensile test results on alloy Rene�80 coated with different thicknesses of platinum for two aluminizing methods at 871 �C

Aluminizing method Tensile properties 2 lm 4 lm 6 lm 8 lm

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

HTLA UTS/MPa 672 658 635 631 558 546 504 492

YS/MPa 569 561 562 556 525 515 472 462

EL/% 6.0 6.0 6.5 5.5 6.0 6.0 5.0 4.5

RA/% 12.5 11.5 12.0 12.0 12.0 12.0 10.5 9.5

LTHA UTS/MPa 677 663 660 662 655 651 614 602

YS/MPa 583 573 568 570 550 548 541 531

EL/% 7.5 7.5 7.0 7.0 7.0 7.0 6.5 6.5

RA/% 16.0 15.0 15.5 15.5 16.0 16.0 14.5 13.5
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be claimed that for a given content of nickel and platinum,

due to the high content of aluminum (Figs. 6, 7) in LTHA

method, this phase was hyper-stoichiometric in a wide

extent of coating thickness. However, in HTLA method,

this phase was hypo-stoichiometric. It has been reported

that (Ni, Pt)Al phase was more accumulated around the

vacancy defects in comparison with substitutional ones

[12]. In addition, elastic distortions around these defects

can cause a strain field which may further obstruct the

dislocation motions. Coating strength in LTHA will be

increased by these factors.

Diffusion from the coating to the substrate and vice

versa combined with the formation of intermetallic phases

are the other effective factors on the reduction in tensile

properties. Some of these phases are undesirable and par-

ticularly formed in the IDZ. Based on Figs. 2, 3, the IDZ

layer thickness was lower in LTHA. Comparison of Cr

content in the coatings (according to Fig. 5) showed that Cr

content was higher in the coating composition (IDZ) in

HTLA method, which could be the result of deleterious

phases formation and hence, the reduction in strength

properties [22].

Moreover, in LTHA, this is aluminum that diffused in

the substrate (inward diffusion), while in HTLA, nickel

diffused from substrate to coating (outward diffusion) and

the substrate may be depleted from nickel. Nickel is one of

the main elements of c0 which strengthens Rene�80. In this

regard, c0 phase depletion in vicinity of outer surface will

be accompanied by a reduction in substrate strength in

HTLA method.

More decrease in tensile strength in HTLA could be also

assigned to residual stress induced by thermal expansion

and elasticity of modulus inconsistency between the

coating and the alloy [28]. XRD analysis was employed to

evaluate the residual stress in samples prepared by HTLA

and LTHA methods with an initial platinum layer thickness

of 8 lm. It must be mentioned that XRD peaks were

analyzed using Rietveld analysis in which crystal proper-

ties and atomic positions are the essential inputs for sim-

ulation of ideal diffraction. Regarding the crystal properties

of the present phases, elastic strain of LTHA and HTLA

samples were obtained as 1.3 9 10-3 and 2.01 9 10-3,

respectively (by means of X’pert highscore plus software

and use of stress-less sample of Y2O3). By consideration of

the elasticity modulus as 110 GPa [12] and application of

Hook’s Law [29] the residual stress was calculated as 159.6

and 221.1 MPa for LTHA and HTLA methods, respec-

tively. As it can be seen, the thermal residual stress was

higher in HTLA; which could be another reason for higher

decline in tensile properties of the mentioned method.

Watanabe et al. [30] calculated the residual stress to be

140 MPa for a single-phase Pt–aluminide coating. More-

over, Greving et al. [31] showed that increasing the coating

thickness will lead to an enhancement of residual stress. In

the present study, promotion of tensile residual stress under

the influence of increased coating thickness resulted in

higher decline of tensile properties for both HTLA and

LTHA methods.

3.3 Fractography

SEM was used for evaluation of fracture surface of the

tensile samples for both coated and uncoated samples.

Figure 9 shows the fracture surface of an uncoated sample,

in which dimples (ductile fracture) could be clearly

observed. These dimples included carbide phases, showing

that fractures were initiated due to rupture of the carbide-

gamma interface. Based on relevant researches [11, 13],

fracture phenomenon started from joining of these voids at

high temperatures and will finally result in the formation of

cracks at grain boundaries and grow along them.

SEM images of the fracture surface in coated samples

along the longitudinal direction are provided in Fig. 10.

Evaluation about the fracture morphology showed that in

LTHA method, fracture surface was similar in all plat-

inum layer thicknesses. Micro-voids can be clearly seen in

cleavage fracture within the outer layer and IDZ. The

presence of these micro-voids showed ductile fracture and

the fact that test temperature was near to DBTT [26].

Fracture morphology of HTLA-prepared specimens was

also similar in all platinum layer thicknesses, and micro-

voids (ductile fracture) were observable along with

cleavage fracture (brittle fracture). However, in compar-

ison with LTHA method, the morphology of cleavage

fracture was different, and it could be seen in larger area.

This morphology was formed in intermediate and IDZ

Fig. 8 Variation of microhardness from surface to depth of coating

for two aluminizing methods of HTLA and LTHA with different

platinum layer thicknesses
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layers of HTLA-prepared samples, which was in line with

their ductility reduction. As mentioned before, the thick-

ness of the IDZ layer was higher in this state, and a higher

percentage of refractory elements could be found in this

region, which in turn will give an increase to the forma-

tion of deleterious intermetallic phases. Moreover, it was

observed that the increase in platinum layer thickness led

to the decline of micro-voids concentration and subse-

quently increased the area of cleavage fracture in both

aluminizing methods. These observations were suggested

the DBTT enhancement, which agreed with Eq. (1).

Therefore, it could be said that the fracture mechanism

was a mixed mode of ductile and brittle fracture for both

aluminizing methods and all platinum layer thicknesses.

But, as it has been compared to that in LTHA, the extent

of brittle fracture was far higher in HTLA. Morphological

evaluation about the substrate fracture surface showed

similar results for all the coated samples and no difference

was found in their fracture morphology when compared

with the uncoated samples (Fig. 9). Evaluation about the

single-phase b-(Ni, Pt)Al region in both HTLA and

LTHA for all platinum layer thicknesses after the test

showed that distribution of fine precipitates in this phase

was more desirable in LTHA and the particles possessed

Fig. 9 a SEM image of fracture surface of uncoated sample and b EDS analysis of Point A

Fig. 10 SEM images of fracture surface of coated samples with platinum layer thicknesses of a 2 lm, b 4 lm, c 6 lm and d 8 lm in LTHA and

e 2 lm, f 4 lm, g 6 lm and h 8 lm in HTLA
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more uniform dispersion compared to those in HTLA (for

example, for the platinum thickness of 6 lm, as provided

in Fig. 11). This could be one of the causes of wider

cleavage fracture cross section in HTLA. One of the

reasons for higher strength of LTHA could be found in

this phenomenon, as the presence of these precipitates can

inhibit the dislocation movement and thus increase the

strength of the coating.

For more precise evaluation about the cracks formed at

the surface of coated and uncoated samples, all the samples

were cut along longitudinal direction and evaluated by

SEM, as shown in Fig. 12a–f. According to Fig. 12a, b,

some voids could be observed near the fracture surface of

the uncoated samples. These voids were formed through

separation of the carbide precipitates from matrix interface.

Owing to release of residual stress (from samples

machining process) on the surface or near that, some edge

cracks were also formed or grown along the grain bound-

aries of grains recrystallized during aging treatment.

Moreover, as the tensile test was conducted at a high

temperature (871 �C), the brittle oxide layer on the surface

could cooperate in the formation and growth of edge

cracks. According to Fig. 12c–f, growth of surface cracks

for LTHA-prepared sample with a platinum layer thickness

of 2 lm (similar to thicknesses of 4 and 6 lm) remained in

the coatings range. However, for platinum layer thickness

of 8 lm, cracks crossed the IDZ and entered the substrate.

In HTLA method, for all the platinum initial layer thick-

nesses (2, 4, 6 and 8 lm), cracks passed the IDZ and

completely diffused into the substrate. In both methods, the

increase in final coating thickness increased the thickness

and number of cracks, although the number of cracks was

higher in HTLA. As diffusion coatings were a part of the

substrate, the coating cracks acted as micro-notches in the

substrate. By increasing the thickness and number of

cracks, the cross section of load bearing will be smaller,

and hence the yield and ultimate strength will be declined.

This is in complete agreement with the reduction in

strength properties of the coated samples, especially for

samples prepared by HTLA method.

In Fig. 12g, h, the IDZ was shown at high magnification.

Presence of needle-like r phase [11, 22] was clear in

HTLA method (inset in Fig. 12h). Regarding Fig. 5, it

could be observed that the chromium content of IDZ was

higher in HTLA. However, high chromium content in the

IDZ will lead to the formation of r phase ((Co, Cr)

intermetallic) [22] and reduce the ductility (EDS results of

the region shown in the inset of Fig. 12h:15.6 wt% Cr, 9.4

wt% Co, 6.3 wt% Mo, 6.5 wt% W, 6.0 wt% Ti, 52.0 wt%

Ni, 4.4 wt% Al). However, due to higher thickness of b-

(Ni, Pt)Al phase in samples prepared by LTHA, higher

levels of chromium could be dissolved in this region, which

may prevent the formation of deleterious phases.

Related researches [17] have reported that Pt–aluminide

coatings will improve superalloy resistance to cyclic oxi-

dation and corrosion, when the initial platinum layer

thickness was at least 6 lm. As the tensile properties of

Rene�80 alloy with a platinum layer thickness of 6 lm

(prepared by LTHA) did not significantly decrease below

the standard tensile characteristics of the uncoated alloy, it

could be said that this composition will provide the best

resistance for corrosion and cyclic oxidation while pre-

serving the tensile strength. Evidently, by increasing the

resistance ability to corrosion and oxidation, the alloy

surface will be protected and surface defects could be

prevented.

4 Conclusion

In this study, for all platinum layer thicknesses and in both

HTLA and LTHA aluminizing methods, ultimate and yield

tensile strengths of coated Rene�80 decreased at 8718 C in

comparison with the uncoated state. However, the increase

in platinum layer thickness resulted in a higher decrease in

properties, especially in the sample with thickness of 8 lm.

These decreases were more intense in HTLA-prepared

specimens as compared to LTHA method.

Ductility decreased in both aluminizing methods for all

thicknesses of the platinum layer. This decrease was low

and approximately fixed up to a platinum layer thickness of

6 lm for LTHA method; however, it became substantial

for the platinum layer thickness of 8 lm in both alu-

minizing methods, which shows that the temperature used

for tensile testing was around the DBTT.

For both methods of HTLA and LTHA, the fracture

mechanism included a combination of ductile and brittle

fracture modes. This further accepted that the test tem-

perature was near DBTT. In comparison with LTHA, the

extent of the brittle fracture region was much more in

HTLA method.

Micro-cracks were formed in all coatings; for the case of

HTLA, they grew into substrate in all the thicknesses,

Fig. 11 SEM images of precipitates distribution in b-(Ni, Pt)Al

phase in a HTLA and b LTHA

123

M. M. Barjesteh et al.5400

Rare Met. (2024) 43(10):5391–5402



while in LTHA method, these cracks diffused into substrate

only when the sample platinum layer thickness was 8 lm.
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