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Abstract: The effects of heat treatment on microstructure and tension property of Ni—Co film/Fe substrate systems were investigated.
The deformation and fracture morphologies of Ni—Co films/Fe substrate systems were studied by in-situ scanning electron
microscopy (in-situ SEM) before and after heat treatment. The results show that a Ni—Co/Fe diffusion layer appears between the film
and substrate after heat treatment; the elongation of film/substrate system increases with increasing the heat treatment temperature.
Both the strength and ductility of the film/substrate system are preferable when heat treatment temperature is 650 °C, meanwhile the
maximum elongation is up to 46%. During tensile deformation, the deformation behaviors of Ni—Co film/Fe substrate are quite
different before and after heat treatment. The samples after heat treatment went through the progress of holes’ emergence, growth and
extension, whereas the samples without heat treatment accompanied with no holes, just cracked instead, showing that appropriate
heat treatment is helpful to improve the toughness of material, and mechanical properties.
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1 Introduction

With the development of metal film preparation
technology, the pulse electro-deposition, as a simple,
highly active and low cost deposition method, had been
used to deposit nano-crystalline films [1-3]. With respect
to the deposition of nano-crystalline film, the pulse
electro-deposition had been extensively used to improve
the hardness, wear and corrosion resistance of
electroplated metal films [3,4].

However, the final properties of metal film/substrate
system depend not only on the electro-deposition process
[5,6] but also on machining deformation process. The
surface cracks emergence, the adhesive strength between
film and substrate during and after machining
deformation process significantly affect the appearance
and usability of metal material [7,8]. It was reported that
heat treatment was widely used on 304 stainless steel [9],
aluminum alloy [10,11] and nickel films [12,13] in order
to improve their machining properties for eliminating
alloy imbalance phase and over saturation [14] as well as

reducing surface cracks, and enhancing adhesion strength
of film to substrate [15,16].
experiments of heat treatment put more emphasis on the
properties of magnetic performance [14,17] and hot
deformation behavior [18—20] instead of mechanical
property of the film/substrate systems. Due to the fact
that heat treatment may have prominent influence on the
final mechanical property of the film/substrate systems,
investigation of mechanism of the film/substrate system
is intensively necessary.

In the present work, a well-defined Ni—Co film/Fe
substrate system is used to investigate the effect of heat
treatment temperatures on the microstructure and tensile
property of Ni—Co film/Fe substrate by in-situ tensile
experiments. Tension deformation behavior of the Ni—Co
film/substrate system is studied.

However, previous

2 Experimental

Ni—-Co films were prepared by pulse
electro-deposition. The main electrolyte compositions
and experimental conditions are listed in Table 1 where
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all chemicals were of analytic grade. Then the samples
were annealed for 3 h at the temperature of 550, 600, 650,
700 and 750 °C in nitrogen protective atmosphere with a
purity of 99.9%. Then the samples were cooled down in
the protect atmosphere until room temperature. The
thickness of the Ni—Co film was 4 um and the Fe
substrate was 300 um.

Table 1 Compositions of electrolyte solution and plating

conditions
p(NiSO,7H,0)/ p(NiCly6H,0)/ p(CoSO, 7H,0)/
(gL (gL (gL
220 50 2
p(H3Bfl)3)/ p(Brightjess)/ oH 7o
(gL) (gL)
30 0.5 4 50

Dog-bone-shaped tensile specimens were obtained
by wire-electrode cutting to have a gauge section of
5 mmx2 mm. The tensile tests were performed at room
temperature by an EHF-J micro-tensile test system with a
strain speed of 0.5x10? mm/s. The deformation and
fracture morphologies of Ni—Co film/Fe substrate
systems were observed by in-situ SEM connecting to
tensile system. The chemical composition was studied by
the energy dispersive spectrometry (EDS, QUANTA
200). The Rigaku D/MAX-2500 X-ray diffusion
detector (XRD) was used to calculate the average grain
sizes and the texture density of the samples.

3 Results and discussion

3.1 Microstructure

Table 2 shows the chemical element contents at
different heat treatment temperatures, and the selected
area is marked with the square frame in Fig. 1(a). It is
obvious that with the increase of heat treatment
temperature, the content of iron element increased
correspondingly. This shows that the heat treatment
promotes the movement activity of element. The higher
temperature has greater effect on the element diffusion.
The EDS of the selected area at 650 °C is shown in
Fig. 1(b). It is clearly seen that the content of iron is
much more than cobalt in the selected area which
includes nickel, cobalt and iron. Figure 1(c) shows a
fitting graph obtained from EDS data of line-scanning
the section from substrate to film. The cobalt was
omitted for its very low content. The section pattern of
the Ni—Co film/Fe substrate system in Fig. 1(c) shows
three parts, Ni—Co film, Ni—Co/Fe diffusion layer and Fe
substrate, and the thickness of Ni—Co/Fe diffusion layer
is 2.5 um. Diffusion interface moved some distance of

Table 2 Element contents of selected area at different heat
treatment temperatures

Heat treatment Content/%
temperature/°C Fe Co Ni
As-deposited 00.45 04.51 95.04
500 03.65 01.12 95.23
550 04.59 01.23 94.18
600 24.43 01.25 74.32
650 29.79 01.96 68.25
700 33.20 01.80 65.01
750 27.84 01.46 70.70
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Fig. 1 SEM image showing section pattern of Ni—Co film/Fe

substrate system at 650 °C (square frame is selected area) (a),

EDS of selected area at 650 °C (b) and schematic of interface

element distribution at 650 °C (c)
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about 0.6 um to Ni—Co film side because the elements in
the film and substrate diffuse to each other during heat
treatment, and the interface moves towards the Ni—Co
film with a higher diffusion rate, which matches well
with the Kirkendall effect [21].

Texture directions of Ni—Co film at different heat
treatment temperatures are examined by XRD. The
obtained patterns are shown in Fig. 2. It is found that the
structures of the Ni—Co films exhibit a preference of the
(111) and (200) orientations. With increasing the heat
treatment temperatures, the batches show that the
preferential orientations are still along the (111) and (200)
directions but with different intensities. No additional
peaks could be detected, which indicates that no second
phase is present. But the diffraction peaks shift left
gradually with increasing the heat treatment temperature,
indicating the formation of new solid solutions.
Calculation wusing full-width half maximum in
conjunction with the Scherrer formula shows that the
grain size of Ni—Co film increases correspondingly with
increasing the heat treatment temperatures.
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Fig. 2 XRD patterns of samples with different heat treatment
temperatures: (a) As-deposited; (b) 500 °C; (c) 550 °C;
(d) 600 °C; (e) 650 °C; (f) 700 °C; (g) 750 °C

3.2 Mechanical behavior

The stress—strain relationships of Ni—Co film/Fe
substrate system at different heat treatment temperatures
are shown in Fig. 3. Table 3 summarizes the results
obtained from the tensile tests, from which it can be seen
that the maximum values of both the yield strength and
ultimate tensile strength are ~371 MPa and ~406 MPa,
respectively. The heat treatment temperature has a
significant influence on elongation of the samples. With
increasing the heat treatment temperature the elongation
increases firstly, and then decreases when the
temperature exceeds 650 °C. A maximum elongation of
46% was obtained at 650 °C. Because higher
temperature leads to some alloying element mutual
dissolution, companying with changing structures and

properties. Therefore, the temperature of heat treatment
should be controlled in a certain value, not the more the
better. From tensile curve we found that when heat
treatment temperature is 750 °C, the stress—strain curve
changes inconformity with the standard tensile stress—
strain curve of low carbon steel. According to the phase
diagram we find that a extremely high heat treatment
temperature leads to phase structure changed, which
usually induces the grains size to increase greater, and
performance of the Ni—Co film/Fe substrate system in
strength and the plasticity is reduced. Due to the
increment of roughness the grain boundary with
increasing of grains size, a fracture may occur along the
rough grain boundary, the plastic property of the Ni—Co
film/Fe substrate system decreases obviously, while the
ductility value begins to present abnormal with further
decreasing plastic when the heat treatment temperature is
above 750 °C.
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Fig.3 Stress—strain curves of Ni—Co film/Fe substrate system
at different heat treatment temperatures: (a) As-deposited;
(b) 500 °C; (c) 550 °C; (d) 600 °C; (e) 650 °C; (f) 700 °C;
(g) 750 °C

Table 3 Mechanical properties of Ni—Co film/Fe substrate
system at different heat treatment temperatures

Yield

Heat treatment Tensile

temperature/°C  strength/MPa strength/MPa Elongation/%
As-deposited 371 406 33

500 349 391 39

550 359 400 41

600 347 402 42

650 332 388 46

700 366 397 36

750 129 344 25

3.3 Deformation behavior
In order to research the deformation behaviors of
the Ni—Co film/Fe substrate system before and after heat
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treatment, a continuous deformation and fracture
processes were monitored by using in-situ SEM. Figure 4
shows the changed surface morphologies of as-deposited
Ni—Co film/Fe substrate system without heat treatment.
Figure 4(a) expresses the surface morphology at a strain
of 0.10. Tiny cracks occurred along grain boundaries at a
strain between 0.07 and 0.10. Figure 4(b) shows the
enlarged picture of the square frame in Fig. 4(a). Every
tiny crack in Fig. 4(b) shows slender along the loading
direction at the midst and becomes large and deep at the
both ends. Neck occurred at a strain of 0.30, and the peak
load was obtained and accompanied with significant
cracks in the necked region (Figs. 4(c) and (d)). Figure
4(e) shows the sample in vertical view at the strain of
0.31, from which a significant necking-down was
observed. Along the direction of grains boundary,
macroscopic cracks on the deformation surface of
as-deposited samples are extending with increasing the
tension deformation. When stain was up to 0.33 (Fig.
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4(f)), the central macroscopic cracks extended enough
result in the final facture, perpendicular to the loading
direction.

Similarly, the surface morphologies of the samples
during tensile process at 650 °C are shown in Fig. 5, it is
completely different with the as-deposited. Figure 5(a)
shows the surface morphologies at a strain of 0.15.
Figure 5 (b) shows a local enlarged picture of the square
shape in the middle region of Fig. 5(a). Compared with
as-deposited alloy, the sample after 650 °C heat
treatment shows no cracks at a nominal strain of 0.15
whereas and just holes’ emergence instead. In Fig. 5(c),
more holes form and grow up at larger strains, while in
Fig. 5(d), holes are linked up one by one and form a
macroscopic crack at a strain of 0.35. The crack direction
is along the shear stress direction and has an angle of 45°
to the loading axis. In addition, necking was observed in
the vicinity of the mid-plane of the samples at a strain of
0.40 (Fig. 5(e)). At higher strains, more macroscopic

34
e

Loading direction

Fig. 4 SEM images showing surface morphologies of as-deposited samples: (a),(b) £=0.10; (c),(d) £€=0.30; (e) £=0.31; (f) &=0.33
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Fig. 5 SEM images showing surface morphologies of Ni—Co film/Fe substrate system at 650 °C: (a),(b) £=0.15; (c) ¢=0.25;

(d) £=0.35; (e) e=0.40; (f) £=0.45

cracks were observed with increasing the strain. Further
growth of macroscopic cracks took place by joining the
micro-holes to the main crack gap at the middle of
tensile samples. Finally, facture occurred near the
mid-plane perpendicular to the loading direction shown
in Fig. 5(f).

The deformation processes of samples after heat
treatment present good consistency and uniform
properties compared with the as-deposited ones. With
increasing tensile strains, a special deformation behavior
occurs, accompanied with holes’ emergence, growth and
extension process, whereas the samples without heat
treatment accompany with no holes, just cracks instead.
Based on the above two experimental observations, there

are three possible reasons for this phenomenon to explain:

1) By electrochemical fabrication process, the samples

are inevitable to introduce impurities and porosity [22].
Because of the existence of the defect, the sample’s
adhesion strength between film and substrate is
decreased, the cracks emerge at former flaws when
samples are stretched. 2) With the help of heat treatment,
the porosity decreases and the grain sizes enlarge, the
grains in clusters should be deformed through dislocation
activity and then provide the considerable strain
hardening [23,24]. The samples have a good ability of
resistance to deformation after heat treatment, which
reveals the reason that no crack was found on the sample
surface under the same tensional state. 3) As the alloy
phases form, stress releasing and adhesion strength
enhancing between film and substrate suppress early
crack nucleation and propagation, the mechanical
property of the Ni—Co film/Fe substrate system could be
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obviously improved by the heat treatment [25]. During
the tensile deformation, the higher binding force between
film and substrate results in synchronizing extension, the
samples prefer to form holes instead of cracks under the
same loading condition, which implies that the samples
after heat treatment possess better plastic deformation
ability.

4 Conclusions

1) The Ni—Co film/Fe substrate systems are
prepared by pulse electro-deposition and heat treated at
different temperatures of 500, 550, 600, 650, 700 and
750 °C.

2) After heat treatment, a Ni—Co/Fe diffusion layer
was formed apparently. The Ni—Co film/Fe substrate
system exhibits (111) and (200) texture double preferred
orientations before and after heat treatment. With
increasing the heat treatment temperatures, diffraction
peaks shif left gradually.

3) The maximum elongation of the Ni—Co film/Fe
substrate system obtained at 650 °C is 46 %, both the
yield strength and ultimate tensile strength are good at
the temperature of 650 °C.

4) After 650 °C heat treatment, the Ni—Co film/Fe
substrate system presents a special deformation behavior.
With increasing the tensile strain, the samples are
accompanied with holes’ growth and
extension processes, heat
treatment are accompanied with no holes, which just

emergence,

whereas those without

cracks instead.
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