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a b s t r a c t

Pt coating on La-TZM alloys can effectively hinder the matrix alloy oxygen corrosion during high tem-
perature oxidation processes. Doping powder metallurgy was used to prepare La-TZM alloy plates (doped
with lanthanum), and electroplating was utilized to deposit a platinum coating on the plate surface. After
high temperature treatment of the Pt-coated La-TZM alloy samples at different times and temperatures,
scanning electron microscopy and energy dispersive spectra analysis of the sample surface and cross-
sections were performed to observe the microstructure and composition changes. Differential thermal
analysis of the Pt-coated La-TZM alloy specimens after high temperature treatment was performed to
assess the high temperature oxidation resistance of the coated matrix alloy. The results show that the
oxidation resistance of the TZM alloy can be enhanced, expanding its temperature application range.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

TZM alloys (contains 0.5e0.8 wt% titanium, 0.08e0.1 wt% zir-
conium, 0.016e0.02 wt% carbon and molybdenum balance) are
molybdenum-based alloys widely used in aerospace, power gen-
eration and nuclear reactors such as key parts in aircrafts, turbines
and fusion reactors due to their high strength, high melting point,
high rigidity, high corrosion resistance, low coefficient of linear
expansion, good mechanical properties at high temperatures, and
good thermal conductivity [1e3]. However, TZM alloy applications
are greatly limited due to poor oxidation resistance at high tem-
peratures [4e6]. Moreover, the poor oxidation resistance of TZM
alloy especially limit the application of melting glasses as electrode
materials. Studies have shown that TZM alloy oxidation rates are
very slow and the alloy surface generates less volatile MoO2 when
the temperature is below 400 �C. The oxidation weight gaining
increases rapidly by generating volatile MoO3 when temperatures
ineering, Xi’an University of

ineering, Xi’an University of

, wangkuaishe888@126.com
were between 400 �C and 750 �C. A sharp decline in weight gain
and severe loss of the oxide due to the volatile MoO3 was observed
when the temperature was above 750 �C [7].

Many protecting methods have been created to protect TZM
alloy such as brush coating, pack cementation coatings, physical
vapour deposition coatings, electroplate coatings, etc. The neces-
sary surface properties of coating layers including strong bonding
with TZM alloy, uniform coatings of structure and oxidation sta-
bility under extreme environments [8]. In the coating processes,
the electroplating is an attractive method to protect the surface of
alloys for the strong bond strength between coating materials and
substrate due to the interdiffusion reactions. Furthermore, the
electroconductibility of alloy materials can be enhanced by elec-
troplating high conductivity materials such as Au, Pt, Ti alloys, etc.

Our previous studies have shown that lanthanum-doped La-
TZM alloys can increase the oxidation reaction initiation tempera-
ture by 50e100 �C in air, effectively slowing the oxidation rate [9].
However, the anti-oxidation properties of the lanthanum-doped
La-TZM alloy at elevated temperatures remained limited,
requiring further studies for improvements. In this paper, a rare-
earth doped lanthanum La-TZM alloy plate was prepared by pow-
der metallurgy and rolling processes, then, Pt coating was elec-
troplated. Pt-coated La-TZM alloys were prepared to study the anti-
oxidation coating behavior at high temperature.
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2. Experimental procedure

2.1. Preparation of the La-TZM alloy plate

Lanthanum doped TZM alloys were prepared by the powder
metallurgy process with the composition listed in Table 1. Liquid-
solid mixing and ball-milled processes were used to prepare the
La-TZM alloy, and the preparation process of the 0.5 mm thick La-
TZM alloy plates is described in the previous publication [9]. The
prepared La-TZM alloy plates were wire cut into 10 � 10 � 0.5 mm
and 4 � 4 � 0.5 mm squares for the coating process and thermal
analysis.
2.2. Coating preparation

In this study, Pt was electroplated on the La-TZM alloy plates.
Ingredients of the acidic bath were H2PtCl6 (Chloroplatinic acid),
K2SO4 and K2SO3, and the solution pH was adjusted to 1 using
H2SO4. The Pt electrode material was used as electroplating elec-
trode. Current density, temperature and time were strictly
controlled during electroplating. As a result, a uniform, dense and
well-adhered Pt coating with average thickness of 6 mm was
obtained.
2.3. High temperature oxidation experiments

The TZM alloys are usually used in extreme high temperature
above 1000 �C, even 1400 �C. According to the oxidation behavior
and the application environment, the specimens (10� 10� 0.5 mm
squares) were placed in a heating furnace under the air for the high
temperature oxidation tests at 400 �C, 600 �C, 800 �C, 1000 �C,
1200 �C and 1400 �C, respectively. For the lower temperature tests
at 400 �C, 600 �C, 800 �C and 1000 �C, the holding timewas 1 h, 2 h,
3 h and 4 h. For the higher temperature tests at 1200 �C and
1400 �C, the holding time was 15 min, 30 min and 45 min
respectively. The sample mass was measured before and after
oxidation with 0.0001 g accuracy using the analytical balance,
allowing the calculation of the oxidation mass loss of the sample.
2.4. Sample characterization

JSM-6460LV scanning electron microscope (SEM, JEOL, Japan)
was used for the samples surface, microstructure and cross-
sectional morphology characterization after high temperature
oxidation. Energy dispersive spectra (EDS) analyzer was used to
obtain the surface composition.
2.5. Comprehensive thermal analysis

Differential scanning calorimetry (DSC) and thermogravimetry
(TG) experiments were conducted with the Pt-coated La-TZM alloy
samples (4 � 4 � 0.5 mm squares) in air by using the STA449F3
differential thermal analyzer (DTA, NETZSCH, Germany). The tem-
perature was varied from room temperature to 1300 �C with a
10 �C/min heating rate, with the flow rate of 20ml/min. The DSC-TG
curves were used to analyze the thermogravimetric loss and the
reactions mechanism.
Table 1
Composition of the La-TZM alloy (wt%).

Ti Zr Stearic acid LaNO3 Mo

0.5 0.1 0.25 1.99 Balance
3. Results and analysis

3.1. Oxidation kinetics analysis

Fig. 1 shows the oxidation mass loss of the Pt-coated La-TZM
alloy samples heated at 400 �C, 600 �C, 800 �C and 1000 �C for
15 min, 30 min, 45 min, 1 h, 2 h, 3 h and 4 h, respectively. For the
samples heated at 1000 �C, 1200 �C and 1400 �C, the holding time
was 15 min, 30 min and 45 min, respectively. Based on Fig. 1, the
mass loss of the Pt-coated La-TZM alloy gradually increased with
the holding time. Almost no mass loss happened when the oxida-
tion temperature was below 600 �C, indicating no obvious oxida-
tion. The mass loss showed a rising trend with the oxidation
temperature increasing. The oxidation was apparent when the
temperature rose to 800 �C, and held for 1 h. More mass was lost at
2 h, and the mass loss was about 60% after 4 h, indicating that the
substrate oxidized seriously. The mass loss was 13.31% when the
temperature rose to 1000 �C after heating 15 min, reaching 44.53%
after 1 h oxidation, while more than half of the substrate oxidized
when the oxidation time was more than 2 h. As seen in Fig. 1, steep
oxidation happens at high temperatures (1000e1400 �C, 15, 30,
45 min holding time), especially at 1400 �C after heating 45 min of
80%mass loss, indicating that the oxidationmass loss increases and
oxidation was more severe as the temperature rises.

Table 2 shows the comparison of the oxidizing mass loss be-
tween the Pt-coated La-TZM and uncoated La-TZM alloy samples
from the previous studies at 800 �C and 1000 �C under different
holding times, the oxidation date of uncoated La-TZM alloy comes
from the reference [9]. From the table it can be seen that the mass
loss of the uncoated La-TZM alloy were 24.49% and 56%, while they
were 2.24% and 13.31% for the Pt-coated La-TZM alloy heated at
800 �C and 1000 �C held for 15 min, decreased by 90.85% and
76.23% respectively. Then, the mass loss of the Pt-coated La-TZM
alloy and uncoated La-TZM alloy were 6.64% and 40.81% while
heated at 800 �C held for 30min.When heated at 1000 �C, the mass
loss of the Pt-coated La-TZM alloy and uncoated La-TZM alloy were
19.29% and 91.83% respectively held for 30min. Themass loss of the
Pt-coated La-TZM alloy were obvious lower than it of the uncoated
La-TZM alloy. While the uncoated La-TZM alloy was nearly
completely oxidized at 1000 �C for 30 min, the Pt-coated La-TZM
seems started to be oxidized. This clearly demonstrates that the Pt
coating can effectively hinder oxidation and the alloy matrix
corrosion, increasing the anti-oxidation properties of the TZM alloy.
Fig. 1. Oxidation mass loss of the samples tested at different temperature.



Table 2
The mass loss of the alloy plates at 800 �C and 1000 �C.

Heating temperature (�C) Holding time (min) Mass loss (%)

La-TZM Pt-coated La-TZM

800 15 24.49 2.24
800 30 40.81 6.64
1000 15 56 13.31
1000 30 91.83 19.29
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3.2. Oxidation characterization of Pt-coated La-TZM alloy plates

3.2.1. Surface analysis of platinum coating
Fig. 2 shows SEM surface topography images and surface EDS

elements analysis of the Pt-coated La-TZM alloy plates. As seen in
Fig. 2a, the coating is uniformly distributed with round particulates
on the substrate surface with no cracks or flaking and no hole de-
fects. Fig. 2b shows the dense Pt coating exist on surface of the alloy
plate, indicating good adhesion between the Pt coating and the
substrate.
3.2.2. Surface morphology and EDS analysis of oxidation layer
Fig. 3 and Fig. 4 show the surface SEM images and EDS profiles of

the Pt-coated La-TZM alloy plates oxidized at 400e1400 �C for
different times, compared with the previous studies of the La-TZM
alloy surface oxide layer morphology [9] (Fig. 5a and Fig. 5b).
Fig. 3a, b and c show that the Pt-coated La-TZM alloy plate surface is
not damaged by oxygen corrosion, and there are no hole defects
when the oxidation temperature is below 600 �C as well as 800 �C
for 15 min. Combined with EDS analysis (Fig. 4a and b), it shows
that the O content is very small, thus no molybdenum oxides
appear, and the surface topography is still intact. In Fig. 3d, e and f,
the sample surface had white spots when the oxidation tempera-
ture was above 800 �C. Combined with the spectroscopy analysis
(Fig. 4c), it shows that the Mo oxide was generated on the surface
after oxidation, resulting in decreased surface conductivity. Fig. 3d
shows a small amount of holes seen on the plate surface when the
oxidation temperature is 800 �C, indicating that the matrix alloy
has being corroded by oxygen at the surface. As seen in Fig. 4c, the
energy spectra of O and Mo point to the Mo oxide generated at the
hole. Oxidation in the lower temperature range of 400e800 �C
showed that the alloy plate was remained stable until 4 h heating at
800 �C.

Fig. 3e and f show surface SEM images of the alloy plates
oxidized at 1000 �C for 15 min and 4 h. The alloy plate surface was
gradually corroded by oxygen with pronounced surface cracking.
Fig. 2. (a) SEM and (b) EDS elements analysis ima
Lamella oxide coating appeared on the surface of the alloy with the
smaller holes emerging when the oxidation time was 4 h. A com-
parison of different holding times show that the flocculent oxide
particle began to appeared and attached closely on the surface of
matrix when the holding time is 4 h, compared with the La-TZM
alloy plate (Fig. 5a and b). The alloy plate without electroplated
platinum has been oxidized completely after 15min, indicating that
the Pt coating significantly delayed and slowed the oxidation.

Fig. 3g and h show surface SEM images of the alloy plates
oxidized at 15 min when the oxidation temperature was 1200 and
1400 �C. One can see that the number of flocculent oxide particles
decreases with the holding time when the alloy was heated to
higher temperatures. Eventually the flocculent oxide particles dis-
appeared, leaving the lamellar oxide layer when the temperature
reached 1400 �C and the holding timewas 15min. It shows that the
oxidation aggravated with the heating temperature risen.

3.2.3. Cross-section morphology and EDS analysis
Fig. 6 shows the cross-sectional SEM and EDS surface scanning

images of the original Pt-coated La-TZM alloy plate. From Fig. 6a
and b, it can be seen that the coating on the unheated alloy plate
has good adhesion with the matrix alloy, free of cracks and not
peeling. As seen in Fig. 6a, the average thickness of the original
coating is about 5.48 mm.

Fig. 7 show the cross-sectional SEM images of the Pt-coated La-
TZM alloy plates unheated and oxidized at 400e1400 �C for
different times. Fig. 7a and b show little change of samples after
heating at 400 �C and 600 �C for 4 h, that the Pt coating still have
good adhesion with the matrix alloy. As seen in Fig. 7c and d, the
coating separated from the matrix gradually when heated at 800 �C
for 15 min, and the loose oxide layer was obtained between the
matrix and Pt coating after 4 h heating. The surface oxide appears
as flaky lamella, compared with Fig. 3. It can be seen that the
oxidation starts from the surface and propagates inward. Fig. 7e and
f show the comparison of oxide layer thickness between Pt-coated
La-TZM alloy plate and La-TZM alloy plate [9] heated at 800 �C for
4 h and 10 min respectively. The loose oxide layer thickness of La-
TZM alloy is about 100 mm after heated at 800 �C for 10 min, while
after 4 h heating at same temperature, the oxide layer thickness of
Pt-coated La-TZM alloy is only 110 mm, indicating that the platinum
coating improves the oxidation resistance of La-TZM alloy.

3.3. Thermogravimetric analysis

Fig. 8 shows the differential thermal analysis results of the Pt-
coated and uncoated La-TZM alloys. TG curves show that the two
samples have a small weight gain when heated to lower
ges of the original sample Pt-coated surface.



Fig. 3. SEM images of the Pt-coated La-TZM samples surface oxidized at different temperature and time: (a) 400 �C, 4 h; (b) 600 �C, 4 h; (c) 800 �C, 15 min; (d) 800 �C, 4 h; (e)
1000 �C, 15 min; (f) 1000 �C, 4 h; (g) 1200 �C, 15 min; and (h) 1400 �C, 15 min.
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temperatures (400e800 �C), however, the Pt-coated La-TZM alloy
weight gain was not as pronounced. There is a significant weight
gain when 850 �C was reached, with a clear exothermic peak,
corresponding to DTA and DSC curves. EDS analysis combined with



Fig. 4. Surface EDS profiles of the samples oxidized in 4 h at different temperature: (a) 400 �C; (b) 600 �C; (c) 800 �C.

Fig. 5. SEM images of the La-TZM samples surface oxidized at: (a) 1000 �C, 10 min and (b) 1000 �C, 15 min [9].

Fig. 6. Cross-sectional SEM and EDS images of the Pt-coated La-TZM alloy plate.
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previous results shows that MoO3 was previously generated and
volatized at elevated temperatures. The DTA curve in Fig. 8a has a
weak exothermic peak at 750 �C with a slightly obvious rising of TG
curve, corresponding to the oxidation reaction in air, forming
MoO3. In Fig. 8b, the exothermic peak appears at 650 �C with a
more obvious rising of TG curve, indicating that the oxidation



Fig. 7. Cross-sectional SEM images of Pt-coated La-TZM alloy plates heated at different temperature and different times: (a) 400 �C, 4 h; (b) 600 �C, 4 h; (c) 800 �C, 15 min; (d) and
(e) 800 �C, 4 h and (f) La-TZM alloy plate heated at 800 �C for 10 min [9].

Fig. 8. TG-DTA/DSC curves of TZM alloy plates: (a) Pt-coated La-TZM alloy; (b) La-TZM alloy.
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reaction has started at 650 �C. The matrix alloy was severely
corroded by oxygen, and the MoO3 generation temperature is
100 �C lower than for the Pt-coated La-TZM alloy. It can be
concluded that the Pt coating can inhibit the La-TZM alloy surface
oxidation, slowing the matrix alloy corrosion by oxygen, thus the
Pt-coated La-TZM alloy has better anti-oxidation properties.

3.4. Oxidation mechanism

Pt-coated La-TZM alloy plates have a coating of Pt on all surface,
enhanced its oxidation resistance during the high temperature
oxidation experiments. The oxidation reaction almost no occur-
rence by the 400e600 �C heating and 800 �C heatingwithin 15min.
Because of the disparity of the thermal expansion coefficient with
molybdenum and platinum, while theMo is 5.2� 10�6/K and the Pt
is 9 � 10�6/K, the Pt coating shows higher thermal expansion rate
than the Mo matrix with the increase of temperature. As heating
time goes on, the crack appeared on the surface of Pt coating at high
temperature, causing the intrusion and corrosion of oxygen. With
increasing oxidation temperature and time, the oxide expanded,
fractured and was gradually volatized, causing the breaking and
peeling of the Pt coating. The destruction of the coating caused the
interior side of matrix to be oxidized gradually, leaving a small
amount of La-TZM alloy matrix and residual Pt coating with
oxidation above 1200 �C.

4. Conclusions

A dense platinum coating was electroplated on the La-TZM alloy
plate surface and with none crack or defect observed by SEM.
During the high temperature oxidation experiments, the obvious
oxidation of the Pt-coated La-TZM alloy samples starting at 800 �C.
With the increase of temperature and time, oxidation corrosion
occurs gradually, occurring 80% mass loss of samples after 15 min
heating at 1400 �C. That is because the Pt coating have a different
thermal expansion coefficient with La-TZM alloy matrix, causing
the cracking of the coating with the increase of heating tempera-
ture and time. Pt coating improves La-TZM alloy oxidation resis-
tance due to the good binding between the coating and the
substrate, which hinders oxygen invasion into the matrix, thus the
Pt-coated La-TZM alloy oxidation resistance is largely improved.
Compared with the La-TZM alloy, the Pt-coated La-TZM alloy plate
prevents severe oxidation, increasing its starting temperature by
100 �C when heated in air, largely slowing the oxidation rate. This
study of the oxidation behavior of the TZM alloy plates demon-
strated that the Pt-coated La-TZM alloy has higher corrosion
resistance, greatly expanding the TZM alloys applications.
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