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[ Abstract] The interfaces of two materials, Ni/Fe and Cu/ Ni, deposited by low pressure plasma spraying method,

were studied by means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM) combined

with energy dispersive X-ray spectroscopy ( EDS). The adhesion between coatings and substrates was measured with the

aid of Knoop interfacial indentation testing method. The results show that the interfacial microstructures have strong in-

fluence on the mechanical properties. Cu/Ni interface is weak link with NiO amorphous phase. Ni/ Fe interfacial layer

consists primarily of Fe and Ni oxide crystalline phases, containing dispersive (Fe, Ni) spotlike intermetallic compound

phase in nanometer dimension, and the interfacial interdiffusion was detected. The micro- mechanism of interfacial fracture

was discussed.
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1 INTRODUCTION
Plasma spraying, developed from combustion
flame spraying, is now a wellestablished widely used
process for coating metals with almost any materials
(metallic, ceramic and polymeric) which can be melt-
ed without decomposition or excessive vaporization in
the plasma jet''.
published' *~ !,

sprayed interface put more emphases on macro-frac

Many related reports have been

All these studies on coatings and

ture mechanics rather than micro-mechanism from in-
terfacial microstructure. There is less understanding
on the relationship betw een microstructure and mech-
anism of fracture. In the present work, the mr
crostructural characterization of interface for two
sprayed materials, Ni/ Fe and Cu/ Ni, deposited using
low-pressure plasma spraying ( LPPS) method, was
studied. The interfacial fracture and related factor
from interfacial microstructure were issued.

2 EXPERIMENTAL

The LPPS spraying was carried out using a DY~
DP-1 equipment. Two starting powders were com-
mercially available Cu and Ni metals powder with size
range of 20~ 70 Hm. Cu powder was sprayed on in-
dustrial pure nickel plate and Ni on industrial pure
iron plate respectively. Before spraying, two sub-
strates were cleared using transferred arc to remove
their surface oxide. Process parameters used in the
experiment are listed in Table 1.

Table 1 Low-pressure plasma spray parameters of
Cu and Ni coatings

LPPS parameters Cu coating Ni coating
Voltage/ V 50~ 60 60~ 75
Current/ A 300~ 400 200~ 300

Spray distance/ m 0.2~ 0.3 0.2~ 0.3

Vacuum chamber pressure/ MPa 0.01~ 0.03 0.01~ 0. 03
Powder feed rate/ (g*min~ Y 20~ 40 20~ 40

Primary gas (argon)

/(MPa/ SLM) 0.4/40~ 50 0.4/40~ 50

Secondary gas (hydrogen)

/(M Pa/ SLM) Q) 2= B

0.4/2~5

In order to measure the interfacial bonding prop-
erty, the crosssectional specimens for Knoop interfa-
cial indentation test were prepared. The Knoop in-
denter was loaded and then unloaded continuously on
the interface between the coating and substrate until
the interface cracked. The interfacial bonding proper-
ty was achieved by calculating the interfacial fracture
specific energy. The more the interfacial fracture spe-
cific energy,
strength! %

The paper was concerned with establishing the

the higher the interfacial bonding

microstructural characteristics of the interface be
tween the substrate and the coating. Thus, special
specimen techniques were developed for preparing
proper interfacial specimens for examination in

TEM''®, JSM-840 SEM and JEM-2000FX TEM
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with VOYAGER 3105 EDS were used to study the that there is a lay of amorphous phase with a varying
interfacial morphology, microstructure and micro- width from 100mm to 400nm between the nickel
composition. substrate and polycrystalline copper coating.

3 RESULTS AND DISCUSSION

3.1 Interfacial bonding property

The detected values of interfacial bonding prop-
erty for Ni/ Fe and Cu/ Ni by Knoop interfacial inden-
tation are listed in Table 2. The results show that the
interfacial fracture specific energy of Ni/Fe is about
14 times of that of Cu/Ni, which means that the in-
terfacial bonding strength of Ni/Fe is much higher
than that of Cu/Ni.

Table 2 Interfacial bond strength of

Ni/Fe and Cu/Ni Fig. 2 Interfacial TEM image (a) of Cu/Ni and

SAD pattern (b) of Cu/ Ni interface

. Interfacial fracture Interfacial bonding
Specimen £ /(N*mm- ! ; il )
specific energy/ (N*mm" ') srens The TEM EDS spectra were collected from dif-
Ni/Fe 10. 88 High ferent region, as marked circle 1, 2, 3 and 4 in
Cu/ Ni 0.76 Low Fig. 2. These spectra show that the amorphous phase

is NiO phase and no obvious element diffusion occurs
adjacent to the Cu/ Ni interface.

3.2 Interfacial microstructure The Ni/Fe interface is platelike structure, as

Fig. 1(a) and (b) are SEM micrographs showing shown in Fig. 3. The selected area diffraction ( SAD)
cross sectional microstructure of Ni/Fe and Cu/Ni,

respectively. It can be found that there exist many
unmelted nickel spherical particles in the Ni coating
and the coating bonds well with the Fe substrate.
However, in Cu coating is almost fully molten cop-

patterns from different regions of Ni/ Fe interface are

shown in Fig

per. Some microcrackings exist close to the interface,
as shown by the arrows in Fig. 1(b).

Fig. 3 Interfacial TEM image of Ni/Fe

Fig.1 SEM micrographs, showing section of
(a) Ni/Fe, (b) Cu/Ni

A TEM micrograph of the Cu/Ni interfacial re- Fig. 4 Selected area diffraction patterns of
gion is shown in Fig. 2, from which it can be seen different regions on Ni/ Fe interface
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The Ni/Fe interfacial phases identified using
these SAD patterns are oxide crystalline phase of Ni
and Fe (NiFey04, Fe;03) and (Fe, Ni) intermetallic
The dark field image analysis
makes sure that the platelike structure is oxide crys

compound phase.

talline phase of Fe and Ni and dispersive (Fe, Ni)
spotlike intermetallic compound phase in nanometer
dimension is distributed in the oxide phase.

The TEM EDS spectra from different regions of
Ni/ Fe marked circle 1, 2, 3 and 4 in Fig. 3 suggest
that a composition transition from the Nrrich coating
to the Ferich substrate occurs across the interface.

3.3 Discussion
3.3.1 [Interfacial phases and interfacial diffusion

The interface of Cu/Ni was consisted of single
NiO amorphous phase. While spraying, the molten
copper particles struck onto nickel substrate and
spread along its surface. As the high thermal conduc
tivity of copper, the CuO was quenched to substrate
temperature in a short time. Thus the CuO amor
phous phase was produced. Because of higher affinity
of nickel with oxygen than copper at high-tempera
ture, nickel would reduce the copper from the CuO to
produce stable NiO amorphous phase. This NiO
amorphous phase prevented copper and nickel element
from interdiffusion. Moreover, with molten copper
particles striking onto the nickel substrate, a pancake
shape was obtained. The heat in the pancake droplet
was dissipated over a much greater area of the Ni sub-
strate and it was likely that melting of Ni substrate
would be less. The kinetic energy of the droplet was
also dissipated by the sideways flow of the liquid
phase. Thus it is not surprising that a weakly interfa-
cial bonding is expected and found in fact.

As to Ni/ Fe specimen, the oxide phase of Ni and
Fe was crystalline due to the low thermal conductivity
of nickel. There were many unmelted nickel particles
in the Ni coating, as shown in Fig. 1(a). As the heat
flowed from this spherical droplet over a much smaller
area into the iron substrate, the iron melted partially
and the molten iron could then react chemically with
molten nickel to produce (Fe, Ni) intermetallic com-
pound phase. Thus, it formed partially metallurgical
bonding between the Ni coating and the Fe substrate.
It also was remembered that the high kinetic energy
of the unmelted droplet also has to be transferred
when it strikes the interface and this could also en-
hance the bonding.
3.3:2

The interfacial microstructures produce predomi

Interfacial fracture

nant effect on the interfacial crackings initiation and
propagation. As to the Ni/Fe interface, the disper
sive (Fe, Ni) nano-crystals were obstacle for the in-
terfacial cracking propagation by absorbing their ener
gy or changing their extension direction. Fig.5 is a
schematic illustration showing how the cracking ex-

Intercrystalline

extension Oxide phase of
direction -7~ " Ni and Fe
N (Fe, Ni)
i_} nano-crystals
Intercrystalline
extension
E. i direction
xtension
direction of

main cracking

Fig. 5 Schematic illustration of cracking extension
in intercrystalline and intracrystalline direction

tends in the intercrystalline and intracrystalline direc-
tion.

When the cracking occurred, it could extend into
the grain or along the grain boundary of the oxide
phase of Ni and Fe. The stress on the interface be-
tween the (Fe, Ni) nano-crystals and oxide phase of
nickel and iron brought about some potential micro-
crackings around the (Fe, Ni) nano-crystals, which
made these regions weak relatively. While the main
cracking extended further, the micro-crackings on the
tip the main cracking would absorb the strain energy
to decrease the stress concentration. As a result, the
(Fe, Ni) nano-crystals stopped the cracking from ex-
tending further or changed its extension direction.
Additionally,

some plastic zones, the strain hardening within the

the oxide crystalline phase included

plastic zone raised the stress intensity level for further

deformation, consequently decreased the crack

growth rate.

As for the Cu/Ni interface, the single NiO
amorphous phase was brittle relatively and had no
strengthening effect like the (Fe, Ni) nano-crystals.
Once the crack occurred, it would propagate quickly
through the whole interface.

4 CONCLUSIONS

1) The interfacial bonding property has close re-
lationship with its interfacial microstructure. The
Cu/Ni interface is weak link with NiO amorphous
phase. No interfacial interdiffusion occurs.

2) The N1/ Fe interface is strong link with inter-
facial layer consisting primarily of Fe and Ni oxide
crystalline phase and dispersive (Fe, Ni) spotlike in-
termetallic compound phase in nanometer dimension.
The interfacial interdiffusion was detected.

3) The Ni/Fe interface has more effective inhr
bition to interface cracking extension than that of Cu/
Ni interface.
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