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Diffusion behaviour of Pt in platinum
aluminide coatings during thermal cycles

Two-phase PtAl2+b-(Ni,Pt)Al and single-phase b-(Ni,Pt)Al
coatings were fabricated on DD5 Ni-based superalloy and
pure Ni substrates. A coating/pure Ni substrate system was
studied to determine the diffusion behaviour of Pt in the
Ni–Al–Pt ternary system. The evolutions of morphology,
phases and component concentration during thermal cycles
were analysed. It was found that there is a phase shift from
PtAl2 to b* in the two-phase coating, and Kirkendall poros-
ity was observed in the single-phase coating. Our results
further indicated that there are two different diffusion paths
of Pt in the Ni–Al–Pt system.
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1. Introduction

Thermal barrier coatings (TBCs), which are used in the hot-
test part of gas-turbine engines, consist of a ceramic top
coat and a metallic bond coat [1, 2]. The primary function
of a bond coat in TBCs is to act as a reservoir for aluminium
to form a protective thermally grown oxide (TGO) [3]. For
state-of-the-art TBCs, a common bond coat is Pt-modified
nickel aluminide (or simply Pt aluminide) coating. At high
temperatures, the diffusion behaviour of Ni, Pt, Al and sub-
strate alloying elements are evident in the coating [4, 5].
The diffusion behaviour of Al includes outward diffusion
to generate TGO and inward diffusion into the substrate.
Ni diffuses outward from the substrate into the coating.
Zhang et al. observed a decrease in the Pt content at the Pt-

diffused c+c’ coating surface from 24 to 18 at.% and a Pt
depth of double the original 40 lm thickness after 1000 h
at 1000 8C [6]. Gleeson and Hayashi suggested that suffi-
cient Pt level (>15 at.%) is necessary for uphill Al diffusion
to generate TGO in the c+c’ alloys [7, 8]. Significant loss of
Pt may increase the chemical activity of Al in the c+c’ coat-
ing so that uphill diffusion of Al becomes ineffective.
Although the effect of Pt on promoting coating oxidation
resistance has been confirmed by both experiments and the-
oretical calculations [9–12], insufficient Pt could diminish
its beneficial effect [7].

Although the loss of Pt via diffusion has been recognized
as a key factor of coating performance degradation, the dif-
fusion behaviour of Pt in coatings has not been studied ex-
tensively. One reason is that the outward diffusion and in-
teractions of substrate alloying elements in these multiple
phase and multiple component systems make it a rather
complex problem. One of the alloying elements is Cr,
which may diffuse to the surface of the coating and generate
spinel [1]. Additionally, Purvis et al. observed significant
diffusion behaviour of Co, Ti and Ta in short time and sig-
nificant interactions between these alloying elements [13].
Another reason is the interference of phase transformations
in these complex systems. For instance, an irreversible
transformation of b-(Ni,Pt)Al to c’-Ni3Al can occur due to
the depletion of Al [14]. Since the Pt solubility limit is low-
er in Ni3Al (*32 at.%) than in b-NiAl (*42 at.%) [15], Pt
may precipitate out of the Ni3Al at high temperatures and
the resulting Ni3Al has an effect on Pt diffusion.

The outward diffusion and interactions of alloying ele-
ments may interfere with the diffusion behaviour of Pt.
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Building experimental models is a convenient way to simpli-
fy the multiple component systems. Models based on bulk al-
loys instead of coatings have been used to investigate the ef-
fect of Pt and Hf on the oxidation behaviour of coatings [9,
16]. A diffusion couple model has been used to investigate
the growth mechanism of precipitates in the inter diffusion
zone (IDZ) [4]. However, the bulk alloy model artificially
suppresses the influence of the substrate by failing to capture
inter-diffusion behaviour between the coating and substrate.
Purvis et al. used pure nickel (Ni 200) as a substrate to obtain
diffusion information with less interactions and noise [13].
To expand upon this, here we provide a complete coating/
pure Ni substrate system diffusion model. Two-phase
PtAl2+b-(Ni,Pt)Al and single phase b-(Ni,Pt)Al coatings
were fabricated on pure Ni substrates. This simplifies the
possible diffusion path of Pt, Ni and Al and provides funda-
mental diffusion data leading to insight into the degradation
mechanisms of platinum aluminide bond coats. To avoid the
interference of phase transformations and decrease Al deple-
tion, the samples on pure Ni substrates were thermally cycled
at a relatively low temperature.

2. Experimental procedure

The DD5 Ni-based superalloy and pure Ni substrates were
provided by AVIC commercial aircraft engine Co., Ltd.
(China) and Zhongnuo advanced material technology Co.,
Ltd., (China) respectively. The composition of DD5 is
listed in Table 1. Platinum layers with different thicknesses
were electroplated on the substrates using a Pt-containing
electrolyte (Platinum-DNS-bath, Metakem GmbH, Ger-
many) with a deposition rate of 2 lm · h–1. The substrates
coated with platinum layers were then aluminized. The
pack powders used for aluminizing consisted of 5 wt.% Al,
0.2 wt.% NH4Cl and 94.8 wt.% Al2O3. The preparation de-
tails are listed in Table 2. Although platinum aluminide
coatings are usually used at temperatures above 1100 8C,
the pure Ni substrates used in the present work limit the
conditions for thermal cycling. Thus, the samples fabrica-
ted on pure Ni substrates were thermally cycled at a rela-
tively low temperature of 800 8C for 1 h in air and then air
cooled to room temperature. The phases of the coatings be-
fore and after thermal cycling were identified by X-ray dif-

fraction (XRD) (18 KW D/MAX2500 V+/PC, Rigaku Cor-
poration, Japan). All the samples were exampled by using
bulk. The surface and cross-sectional morphologies of the
specimens were examined using scanning electron micro-
scopy (SEM). The composition distribution across the coat-
ing thickness was monitored before and during thermal cy-
cling using energy dispersive X-ray spectroscopy (EDS).

3. Results

3.1. Characterization of the as-deposited platinum
aluminide coatings on DD5 Ni-based
superalloy substrates

Figure 1 shows the microstructural features of the as-de-
posited two-phase PtAl2+b-(Ni,Pt)Al and single-phase b-
(Ni,Pt)Al coatings on Ni-based superalloy substrates. Both
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Table 1. Composition (wt.%) of DD5 superalloy.

Cr Co W Mo Al Ta

4.3 9.5 7.5 1.6 5.7 6.4

Re Hf Nb Zr (ppm) C Ni

2.1 0.09 0.7 140 0.003 Bal.

Table 2. Electroplating and aluminizing parameters.

Parameters/Sample Electroplating time

(h)

Pretreatment time

(h, @800 8C)

Aluminizing

temperature (8C)

Aluminizing time

(h)

Two-phase coating 2 48 980 12

Single-phase coating 1 72 1050 12

Fig. 1. Cross-sectional morphologies of the as-deposited coatings on
DD5 Ni-based superalloy substrates: (a) two-phase PtAl2+b-(Ni,Pt)Al,
and (b) single-phase b-(Ni,Pt)Al coatings.



coatings consist of an outer layer and an inter diffusion zone
(IDZ) [17]. It is also seen that intermetallic precipitates
(white spots) are mainly distributed in the IDZ, and some
also exist in the outer layer (Fig. 1b). This is because some
of the alloying elements may diffuse into the outer layer
from the substrate [17, 18]. These precipitates probably in-
terfere with the diffusion of platinum [13]. Therefore, a
complete coating/pure Ni substrate system model is pro-
posed.

3.2. Characterization of the as-deposited platinum
aluminide coating/pure Ni substrate system

Figure 2a shows the microstructural features of the as-de-
posited two-phase PtAl2+b-(Ni,Pt)Al coating on a pure Ni
substrate. The outer layer has a thickness of approximately
50 lm and consists of PtAl2 and b-(Ni,Pt)Al phases, ac-
cording to the XRD pattern (Fig. 2c). This is consistent with
results reported by Tawancy [19]. Between the outer layer
and the substrate lies the IDZ, which has a thickness of ap-
proximately 160 lm. Because there are no alloying or re-
fractory elements in pure Ni substrates, the IDZ does not
contain any intermetallic precipitates. The b-(Ni,Pt)Al,
whose XRD pattern is shown in Fig. 2d, is a nonstoichio-

metric single-phase which is consistent with the structure
of the b-NiAl phase (cubic; B2-type superlattice) [19]. The
morphology of the as-deposited single-phase b-(Ni,Pt)Al
coating is illustrated in Fig. 2b. The depth of the Pt layer,
the inner zone of which is the IDZ, is approximately
45 lm. It is evident that there are voids near the interface
between the outer layer and the IDZ. Such pores have also
been observed in the b-(Ni,Pt)Al coating/superalloy system
after long-term oxidation [20]. There are three major fluxes
in the coating. An interdiffusion of Ni and Al occurs be-
tween the coating and substrate. Al diffuses outward to sup-
ply the growth of TGO. When the diffusion fluxes of Ni and
Al were not balanced and there are insufficient vacancy
sinks, Kirkendall voids could form. It is possible that these
voids then coalesce into large cavities because of thermal
stress [5, 6].

3.3. Phases of the platinum aluminide coatings
after thermal cycles

Figure 3 shows the surface morphologies and XRD patterns
of the two-phase and single-phase coatings after 225 ther-
mal cycles. After the thermal cycles, TGO forms on the sur-
face of the coatings and the morphology is affected by some
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Fig. 2. Cross-sectional morphologies and XRD patterns of the as-deposited coatings in the model: (a), (c) two-phase, and (b), (d) single-phase coating.



\initial" rumpling. The surface of two-phase coating is
rougher than that of the single-phase. It is seen from Fig. 3c
and d that the TGO generated on the surface of both two-
phase and single-phase coatings is Al2O3. TGO acts as an
oxygen diffusion barrier to protect the substrate from oxida-
tion [18, 21]. From the XRD patterns, the main phases of
the coatings are also detected. No Ni3Al, which is typically
generated by the depletion of Al, was observed. The results
indicate that both the two-phase and single-phase coating
can supply sufficient Al to generate TGO, and the diffusion
behaviour of Pt in the coatings will not be affected by Ni3Al
formation.

However, there is a change of the relative intensities of
the reflections for the PtAl2 and b* phases in the two-phase
coating, as shown in Fig. 3c. In the isothermal section of the
Ni-Al-Pt ternary system at 900 8C (Fig. 4) [22], the area
around Al2NiPt is called the b* superstructure, which is cu-
bic with a lattice parameter twice that of the b-phase and is
built in a similar way to PtAl2 [23]. However, there is a dif-
ference between PtAl2 and b*: the 4b Wyckoff positions in
PtAl2 are vacant, while they are occupied by Ni in b* [22,
24]. The shift from Al2Pt to b* observed in the XRD pat-
terns is consistent with the gradual filling of the vacant po-
sitions by Ni.

L. Ye et al.: Diffusion behaviour of Pt in platinum aluminide coatings during thermal cycles

6 Int. J. Mater. Res. (formerly Z. Metallkd.) 109 (2018) 1

Fig. 3. Surface morphologies and XRD patterns of two types of platinum aluminide coatings after thermal cycles: (a), (c) two-phase, and (b), (d)
single-phase coating.

Fig. 4. The isothermal section of the Ni–Al–Pt ternary system at
900 8C [22].



3.4. Concentration evolution during thermal cycles

Figure 5a shows an enlarged region of the outer layer of the
as-deposited two-phase coating before thermal cycling. The
appearance of this region can be described as black-and-
white stripes (*2 lm) with a random distribution. EDS
analysis (Fig. 5c) shows that the white regions are PtAl2-
rich (higher Pt content) and the black regions are b-(Ni,P-
t)Al-rich (lower Pt content). This is consistent with a pre-
vious work, where it was observed that the increase of Pt
layer thickness favoured the formation of PtAl2 phase in
the fabrication process [25]. After thermal cycling, some
PtAl2-rich white stripes grew larger (*10 lm, Fig. 5b).
The composition changed from Al60Ni5Pt35 to Al60Ni20Pt20,
which is attributed to the diffusion of Ni from Ni-rich b-
(Ni,Pt)Al into the vacant 4b Wyckoff positions of PtAl2,
leading to a phase change from PtAl2 to b*.

Comparing Fig. 5c with Fig. 5d, the Al content remains
constant (55*65 at.%) across the depth of the outer layer,
while the Pt and Ni contents changed oppositely. Especially
in the range of 0*20 lm, the Pt content decreased in some
regions, where the composition changed from Al60Ni5Pt35
to Al60Ni35Pt5. This is a result of the interdiffusion behav-
iour between the Pt and Ni. Both Jang and Marino have re-

ported that Pt will always preferentially substitute for Ni in
the sublattice [26, 27]. Grushko et al. suggested that the b-
phase structure is more stable than b* [22]. Therefore, it is
concluded that Pt diffused from PtAl2 to b-(Ni,Pt)Al by
way of the Ni sublattice in the two-phase coating.

Figure 6 shows the partially-enlarged details and concen-
tration evolution of the single-phase coating before and
after thermal cycling. It is seen that the number of voids
near the interface of outer layer and IDZ increased and that
some voids coalesced into large cavities (Fig. 6b). As
shown in Fig. 6c and d, the content of Al remains approxi-
mately 40 at.% across the depth of the outer layer during
thermal cycles. The Ni content is significantly higher over-
all after thermal cycling and also increases with increasing
depth from the surface. This is caused by outward diffusion
of Ni from the substrate into the coating. The Pt content var-
ies between 0*5 at.% and decreases with increasing depth
from the surface. It is therefore inferred that Pt diffuses in
the same direction as Ni by way of the Ni sublattice.

Because the average Ni content in the outer layer is lower
in the two-phase coating (20 at.%) than in the single-phase
coating (60 at.%), the concentration gradient of Ni between
the substrate and the outer layer in is higher in the two-
phase coating than in the single-phase coating. As a result,
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Fig. 5. Partially-enlarged details and concentration profiles of Pt, Ni and Al across the outer layer of the two-phase coating: (a), (c) before, and (b),
(d) after thermal cycling.



plenty of Ni diffused from the substrate to the outer layer in
the two-phase coating. Diffusion of Ni in NiAl is via va-
cancy diffusion because the large size of Ni prevents its in-
terstitial movement. First-principle calculations show that
the preference of Pt for the Ni sublattice could promote the
formation of Ni vacancies [26]. Therefore, the interdiffu-
sion of Pt and Ni is active in the two-phase coating. How-
ever, in the single-phase coating, the magnitude of Ni diffu-
sion into the outer layer is less than in the two-phase
coating. Although the interdiffusion of Pt and Ni is weaker
than that in the two-phase coating, there is a slight diffusion
of Pt towards the surface. The Pt–Al bond is stronger than
the Ni–Al bond, based on calculations from Knudsen-cell
chemical activity measurements [28]. In addition, the PtAl
compound has the most negative formation enthalpy among
PtAl, NiAl and NiPt stoichiometric B2 compounds, calcu-
lated by the statistical-mechanical Wagner–Schottky model
[27]. Both of them are energetically favourable to form
nearest-neighbour Pt–Al bonds. Therefore, the diffusion of
Pt from inside to outside in the single-phase coating is
forced by maximizing the number of nearest-neighbour
Pt–Al bonds.

4. Discussion

In the two-phase coating, there is a composition shift from
PtAl2 to b* and the interdiffusion of Pt and Ni is active.
Ni diffused from Ni-rich b-(Ni,Pt)Al into the vacant 4b
Wyckoff positions of PtAl2 and Pt diffused from PtAl2 to
b-(Ni,Pt)Al by way of the Ni sublattice. Audigié et al.
observed a phase transformation from a-NiPtAl to c-
(Ni,Pt,Al) due to component diffusion at 1100 8C for 1 h
[29]. During 225 thermal cycles, the Al content remains
constant. Zhang et al. also observed that the Al content only
minimally changed in the Pt-diffused c+c’ coatings after
1000 h at 900 8C [6]. Figure 5c and d present the concentra-
tion evolution of the two-phase coating before and after
thermal cycles, respectively. These plots confirm that the
Al concentration keep constant at approximately 60 at.%,
while the Ni and Pt concentrations changed as a result of
thermal cycles. This highlights that Pt diffuses by way of
the Ni sublattice. In the single-phase coating, the Al con-
centration keeps constant at approximately 40 at.% during
thermal cycles. This also confirms that Pt diffuses by way
of the Ni sublattice. Forced by maximizing the number of
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Fig. 6. Partially-enlarged details and concentration profiles of Pt, Ni and Al across the outer layer of the single-phase coating: (a), (c) before, and
(b), (d) after thermal cycling.



nearest-neighbour Pt-Al bonds, Pt diffused from inside to
outside by the way of the Ni sublattice.

In the as-fabricated single-phase coating, a number of
voids were observed near the outer layer/IDZ interface.
Such voids have also been observed as Kirkendall porosity
in Pt-plated pure Ni after 2 h at 950 8C [13]. Haynes et al.
suggested that the voids result from uphill diffusion of Al
towards the surface [30]. After thermal cycling, the concen-
tration gradients of Ni and Pt were of opposite sign. The
outward flux of Pt and Al near the interface between the
outer layer and IDZ was not balanced by the flux of Ni from
the substrate. Thus, the voids near the outer layer/IDZ inter-
face coalesced into large cavities. First, Pt decreases the Al
activity, which promotes the uphill diffusion of Al to the
surface [8]. Second, the diffusion of Ni from the substrate
to the outer layer is weak and the replenishment of Ni is
not sufficient. Audigié et al. suggested that the void loca-
tion corresponds to the Al depletion zone (or the Pt diffu-
sion front) [29]. However, no voids were observed in the
two-phase coating. The average Al content in the outer
layer of the two-phase coating is 20% higher than that of
the single-phase coating. Thus, the absence of voids in the
two-phase coating could be due to having more Al to de-
plete and to strong outward diffusion of Ni, forced by a
higher concentration gradient than that of the single-phase
coating. Still, voids may occur after more thermal cycles.

5. Conclusions

In this work, two-phase PtAl2+b-(Ni,Pt)Al and single-phase
b-(Ni,Pt)Al coatings were fabricated on Ni-based superal-
loys and pure Ni substrates, respectively. In the coating/
pure Ni substrate system, coatings exhibit protectiveness
as bond coats in TBCs.

In the two-phase coating, there is a phase shift from PtAl2
to b*. Ni diffused from Ni-rich b-(Ni,Pt)Al into the vacant
4b Wyckoff positions of PtAl2 and Pt diffused from PtAl2
to b-(Ni,Pt)Al by way of the Ni sublattice. In the single-
phase coating, forced by maximizing the number of near-
est-neighbour Pt–Al bonds, Pt diffused from inside to out-
side by way of the Ni sublattice, and Kirkendall porosity
was observed.
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