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ABSTRACT: Direct CVD deposition of dense, continuous,
and adherent diamond films on conventional Fe-based alloys
has long been considered impossible. The current study
demonstrates that such a deposition can be realized on Al, Cr-
modified Fe-based alloy substrate (FeAl or FeCrAl). To clarify
the fundamental mechanism of Al, Cr in promoting diamond
growth and enhancing interfacial adhesion, fine structure and
chemical analysis around the diamond film−substrate interface
have been comprehensively characterized by transmission
electron microscopy. An intermediate graphite layer forms on
those Al-free substrates such as pure Fe and FeCr, which
significantly deteriorates the interfacial adhesion of diamond.
In contrast, such a graphite layer is absent on the FeAl and
FeCrAl substrates, whereas a very thin Al-rich amorphous oxide sublayer is always identified between the diamond film and
substrate interface. These comparative results indicate that the Al-rich interfacial oxide layer acts as an effective barrier to prevent
the formation of graphite phase and consequently enhance diamond growth and adhesion. The adhesion of diamond film formed
on FeCrAl is especially superior to that formed on FeAl substrate. This can be further attributed to a synergetic effect including
the reduced fraction of Al and the decreased substrate thermal-expansion coefficient on FeCrAl in comparison with FeAl, and a
mechanical interlocking effect due to the formation of interfacial chromium carbides. Accordingly, a mechanism model is
proposed to account for the different interfacial adhesion of diamond grown on the various Fe-based substrates.
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1. INTRODUCTION

Fe-based alloys have gained a wide range of industrial
applications because of their promising mechanical strength
and relatively low cost, but accelerated damages occur and the
service life is significantly shortened while they are used in
harsh (wear, corrosive and erosive) environments. Especially,
the early failure is usually initiated on the outermost surface of
the substrate material, so it is extremely important to obtain
strengthened surface for long-term high-performance service.
Diamond films possess high hardness, chemical inertness and
remarkable wear resistance, and they are considered one of the
most attractive coating materials for surface protection.1,2 Over
the last 30 years, low-pressure and low-temperature chemical
vapor deposition (CVD) of diamond films on a variety of
substrate materials has been extensively developed.3−10

However, it is still technologically difficult or even impossible
to directly synthesize high-quality diamond films on the
conventional Fe, Ni and Co-base alloy substrates.11−16 The
major barrier is closely associated with the intrinsic catalytic

property of these transition metals, which induces preferential
formation of voluminous graphite prior to diamond nucleation,
and the weak bonded graphite at the diamond film/substrate
interface usually leads to a spontaneous separation of the
diamond film from the substrates. In addition, the difference of
thermal expansion coefficients between diamond and the
substrates is considerable (at room temperature, αdiamond ≈
0.8 × 10−6 /K, αiron ≈ 11.8 × 10−6 /K, data from
Thermophysical Properties of Matter, The TPRC Data Series),
which tends to induce large stresses that crack or delaminate
the diamond film from the substrate.
Up to now, the main method to produce high quality

diamond films on Fe, Co and Ni-base substrates is imposing an
additional interlayer material such as Si, W, Mo, Ti, Cr, TiC,
CrN, TiN, AlN, or multilayers Cu/Cr, Cr/Ti/TiC, and so
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on.16−27 These interlayer materials are primarily applied to
prevent carbon diffusion, suppress graphite formation, enhance
diamond nucleation and reduce interfacial stress. Consequently,
the interfacial adhesion of diamond films is enhanced.
Nevertheless, this involves complex and costly multistep
procedures, and the interfacial adhesions at both substrate/
interlayer material and interlayer material/diamond film have to
be simultaneously guaranteed. It should be simple and cost-
effective to directly coat continuous and adherent diamond
films on the alloy substrates, but little progress has been
achieved so far.13−15,28,29 Narayan et al.28,29 first reported that
the adhesion of diamond film directly grown on NiAl substrate
could be significantly improved as a result of suppression of
graphite formation at the diamond−substrate interface. They
attributed that to the deactivated catalytic property of Ni, which
was closely related to its altered 3d electronic structure after
alloying with Al. However, this proposal is limited to a
hypothesis and the actual mechanism has not been
experimentally elucidated. Our recent investigations on
diamond deposition on a series of transition metals and their
alloys have also revealed that direct growth of adherent
diamond films occurs only on those Al-containing substrates
with a sufficiently high Al concentration.30 Moreover, the
critical fraction of Al required to obtain good interfacial
adhesion of diamond films can be significantly reduced when Al
and Cr are combined in the substrate.30,31 As the interfacial
adhesion property of diamond films is closely associated with
the competitive growth of diamond and graphite which is
further influenced by the substrate compositions, it is important
to conduct detailed interfacial analysis so as to clearly clarify the
related fundamental mechanism. Transmission electron mi-
croscopy (TEM) with a combination of real space imaging and
spectroscopy is a perfect tool for such interfacial investigations.
In the present paper, a detailed comparative study of diamond
films formed on pure Fe, FeCr, FeAl, and FeCrAl alloy
substrates is described, and the compositions and micro-
structures of the interfaces between the films and these alloy
substrates have been extensively investigated by taking full
advantage of TEM imaging capabilities. By correlating the TEM
results with our previously obtained data on diamond
nucleation, growth, and adhesion performances, we attempt
to provide direct experimental evidence to interpret the
enhanced interfacial adhesion mechanism of diamond films
directly grown on Al-modified transition metal substrates.

2. EXPERIMENTAL SECTION
Diamond films were prepared by microwave plasma enhanced
chemical vapor deposition (MPCVD). On pure Fe, Fe9Cr (wt %)
and Fe25Al (wt %) alloy substrates, the films were deposited using a
gas mixture of H2 and 1 vol % CH4. On Fe15Cr5Al (wt %) substrates,
the films were deposited with a gas mixture of 1 vol % CH4/H2 and 20
vol % CH4/H2, respectively. These substrate materials were prepared
by melting the desired amounts of the component metals using an arc-
furnace under Ar protection. The substrates were machined into
specimens with dimension of 10 mm × 10 mm × 1 mm and polished
with 600 grit SiC paper, cleaned in acetone and finally dried in a N2
flow. Diamond films deposition was performed in 2.45 GHz
microwave plasma-assisted CVD apparatus (Plasmionique) using gas
mixtures of H2 and CH4 with a total flow rate of 100 sccm. The base
pressure was 1 × 10−7 Torr and working pressure was maintained at
30 Torr. Microwave power was 800 W and substrate temperature was
kept at 670 °C as measured by a thermocouple mounted underneath
the stainless steel substrate holder. This temperature is about 80 °C
lower than the diamond growth temperature on the substrate surface,

which is directly exposed in plasma, as calibrated by optical
spectroscopy.

Cross-sectional specimens for TEM observations were prepared by
conventional method, i.e., by cutting, gluing, and grinding with silicon
carbide paper, then dimpling to about 15 μm, and finally ion-milling by
Ar+ from both sides until some perforation occurred. A SUPRA35 field
emission scanning electron microscope (SEM) was used to observe
the surface morphology of the films. A Tecnai G2 F20 transmission
electron microscope was used at 200 kV for electron diffraction
analysis and high-resolution transmission electron microscopy
(HRTEM) observation. A Tecnai G2 F30 transmission electron
microscope, equipped with X-ray energy-dispersive spectrometer
(EDS) systems and a postcolumn Gatan imaging filter (GIF 2000),
was used at 300 kV for chemical composition analysis. The probe size
for EDS line-scan was less than 2 nm and the step size about 2 nm.
Energy-filtered images were performed using the three-window
technique. To reduce the artifacts attributable to the effects of
specimen drift, the frame acquisition time was less than 30 s.

3. RESULTS
3.1. SEM Observation. The SEM surface morphologies of

the films formed on pure Fe, Fe9Cr, Fe25Al, Fe15Cr5Al alloy
substrates are compared in Figure 1, with the insets showing

the magnified views of the films. The film formed on pure Fe
(Figure 1a) or FeCr alloy substrate (Figure 1b) has a poorly
packed structure which can be easily removed in a supersonic
water bath. On FeAl alloy substrate, the diamond film spalls
locally after CVD, but the residual film is still stuck well to the
substrate, as shown in Figure 1c, where the black arrow
indicates the exposed substrate surface and the white arrow
indicates the residual diamond film. On FeCrAl alloy substrate,
the dense and continuous diamond film forms on the substrate
(Figure 1d). In addition, Raman spectra of these films can be
seen in Figure S1 (Supporting Information) and the detailed
information can be referred to in our previous paper.30−32

3.2. Identification of Al Effect by Comparing Pure Fe,
FeCr, and FeCrAl Alloys. The depositions of films on pure
Fe, Fe9Cr and Fe15Cr5Al alloy substrates were carried out
separately under the same conditions with a gas mixture of H2
and 1 vol % CH4. To confirm the alloying effect, we also
changed the gas-phase chemistry on Fe15Cr5Al alloy substrate
with a different gas mixture of 20 vol % CH4/H2. Detailed
analysis results of microstructures and compositions are
presented below.

Figure 1. SEM images of the films formed on different substrates with
a gas mixture of H2 and 1 vol % CH4, the insets show the magnified
views of the films (plan-view): (a) on pure Fe substrate; (b) on Fe9Cr
substrate; (c) on Fe25Al substrate; (d) on Fe15Cr5Al substrate.
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3.2.1. Structures of the Films Formed on Different Alloy
Substrates. Typical cross-sectional observations of the films
formed on different alloy substrates are shown in Figure 2.

Figure 2a shows the cross-sectional bright-field (BF) image of
the film formed on pure Fe substrate, with insets A and B
corresponding to electron diffraction patterns (EDPs) of
regions “A” and “B”, respectively. They reveal that the film
consists of two phases: graphite and many small iron carbide
particles. In the film, the carbide particles are encapsulated by
graphite layers and act as second nucleation sites for graphite
(indicated by the HRTEM in Figure 2b). And similarly, the film
formed on FeCr alloy substrate, illustrated in Figure 2c and d,
has a similar structure as that formed on pure Fe substrate,
including graphite and the carbides of the base metals. In
contrast, dense and continuous diamond films formed on
FeCrAl alloy substrate (Figure 2e−g). Figure 2e is the BF
image of the film formed on FeCrAl alloy with 1 vol % CH4,
with the bottom inserted EDP indicating that the phase in the

film is diamond. The columnar dark grain circled in the film is
diamond in [110] axis, consisting of many stacking faults and
twin defects. A typical HRTEM image of 5-fold twin is shown
in Figure 2f, with the twin boundaries (TB) indicated by the
white arrows. Besides, Figure 2g is the film formed on FeCrAl
alloy with 20 vol % CH4, as rings form in the diffraction pattern
corresponding to diamond lattice spacing (see inset in Figure
2g). The film consists of very fine grains which are about 10−
20 nm, as indexed in the HRTEM image in Figure 2h, which
are much smaller than those in Figure 2e (about 200−300 nm),
and furthermore, the comparison of grain sizes with different
gas phase can be seen more clearly in the plan-view BF images
of the films in Figure S2 (Supporting Information). These data
indicate that adherent nanocrystalline diamond film has formed
with a high CH4 concentration.

3.2.2. Carbide Precipitation Conditions in Different Alloy
Substrates. The conditions of carbides precipitated in pure Fe,
FeCr and FeCrAl alloy substrates are very different. A
continuous iron carbides layer formed in pure Fe substrate,
as shown in Figure 3a. The inset shows the corresponding EDP

of the white arrow marked carbide, which is identified as Fe3C
phase, whereas the diffraction rings (indicated by the black
arrow) in EDP are from the graphite phase in the film. In FeCr
substrate, as shown in Figure 3b, a large number of iron
carbides (marked by the white arrow and inset A is
corresponding EDP) and chromium carbides (marked by the
black arrow and inset B is corresponding EDP) formed, but no
continuous carbides layer formed and the size of carbides is
much smaller than that of carbides in pure Fe substrate.
However, in FeCrAl substrate, only chromium carbides were
observed at both low and high CH4 concentrations, as shown in
Figure 3c, d. A general low-magnification image illustrating the
carbides precipitated condition in FeCrAl substrate with 1 vol
% CH4 is shown in Figure 3c, and a typical carbide particle is
arrowed in the enlarged image of inset A, with its
corresponding EDP (see inset B in Figure 3c) demonstrating
that the carbide is Cr7C3 phase. Figure 3d shows that even with
a much higher C concentration (20 vol % CH4), only
chromium carbides (as demonstrated by inset B in Figure

Figure 2. Typical cross-sectional observations of the films formed on
different alloy substrates and different gas. (a−d) BF and HRTEM
images about films formed on pure Fe substrate and Fe9Cr substrate
respectively, with insets A and B showing the corresponding electron
diffraction patterns (EDPs) of marked regions “A” and “B”. These
confirm that the films formed on non Al-containing substrates mainly
consist of two phases: graphite and many carbide particles; (e−h) BF
and HRTEM images about diamond films formed on Fe15Cr5Al
substrate with 1 vol % CH4 and 20 vol % CH4, respectively, the insets
are diamond diffraction patterns.

Figure 3. Comparison of the conditions of carbides precipitated in
pure Fe, FeCr, and FeCrAl alloy substrates. TEM images and
corresponding EDPs of (a) carbides precipitated in pure Fe substrate;
(b) carbides precipitated in FeCr substrate; (c, d) carbides precipitated
in FeCrAl substrate with 1 vol % CH4 and 20 vol % CH4, respectively.
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3d) were observed in FeCrAl substrate. In some cases, the
carbides were preferentially precipitated along the crystal
defects such as dislocations or crystal boundaries, as the
marked carbide particle in inset A of Figure 3d.
3.2.3. Detailed Microstructures of Interfaces. The surfacial

conditions of substrate critically influence the diamond
nucleation during the process of diamond film deposition
because the substrate surface absorbs and chemically interacts
with the gas phase that diffuses to the surface.33 Therefore, it is
of extreme importance to thoroughly investigate the interfaces
between different alloy substrates and films to clarify the
alloying modification effect.
On pure Fe substrate, carbon atoms react with the surfacial

Fe atoms and accordingly forms a continuous Fe3C layer of 2−
3 μm in thickness (clearly shown in Figure 3a), and then the
graphite film nucleates and grows on these iron carbides.34

Figure 4 shows the typical structural information at the

interface between pure Fe substrate and the film. A low-
magnification cross-sectional BF image is shown in Figure 4a,
illustrating that the interface between the film and the substrate
is very rough and has a serrated shape (marked by the red curve
in Figure 4a, b). Figure 4b is an enlarged BF image of the
typical region, clearly showing a preferential nucleation of
graphite phases at the hollow sites of the serrated substrate
surface (indicated by the black arrows in Figure 4b). The inset
in Figure 4b is EDP taken from the interfacial region as marked
by the black arrows. The main diffraction spots are formed by
the substrate Fe3C along [111] axis, whereas the diffraction
rings indicated by the white arrows in EDP represent the
interfacial graphite phase. Figure 4c is the cross-sectional
HRTEM image of the marked hollow area, showing that the
graphite phase directly grows from the iron carbide, whereas no
intermediate layer is observed in between. The top inset is an
enlarged HRTEM image corresponding to the white dashed
square, showing that the graphite phase with its (0002) plane
approximately perpendicular to the Fe3C (110) surface, but the
clear epitaxial orientation relationship between graphite and
Fe3C is not observed.
Similarly, on FeCr alloy, the interfacial graphite phase also

nucleates and grows on the substrate iron carbides and the
detailed interfacial microstructure is similar to that on pure Fe.

Comparison with pure Fe and FeCr alloy, the interfacial
microstructure on FeCrAl alloy is quite different, and these
differences can provide direct evidence to understand the
enhanced interfacial adhesion mechanism. Figure 5 shows the

typical microstructure and composition information at the
interface between FeCrAl substrate and diamond film prepared
with 1 vol % CH4. Figure 5a is a low-magnification cross-
sectional BF image. The dark part at the bottom of the image is
FeCrAl substrate; the upper part is the film consisting of several
diamond crystals, and the column diamond crystal in the film is
along [110] axis. Between the substrate and the film, there is a
narrow interfacial layer indexed by white arrows in the image. A
HRTEM image of the interfacial layer suggests the interfacial
layer is amorphous with some small ordered islands, and the
thickness is about 10−15 nm, as shown in Figure 5b. The upper
part is the diamond crystal, and the black arrow indicates the
location where the diamond crystalline column starts growing
on the top of this amorphous layer. Figure 5c is an EDS line-
scan profile, scanned along the red dashed arrow indicated in
Figure 5a. The plots at the left side result from the scanning of
FeCrAl substrate and at the right side show the results of
diamond film. The interfacial layer is separated by the vertical
lines in the EDS line-scan profile. In this region, the content of
element Al is much higher than that in the substrate, whereas
there is nearly no Fe and Cr. These data imply that a thin Al-
rich amorphous interfacial layer with several nanometers in
thickness formed along the FeCrAl substrate/diamond film
interface. In the substrate, the concentration of oxygen appears
relatively high, however, this is an artifact by Cr. Cr-L2,3 peak is
584 eV, whereas O−K peak is 532 eV, which can not be
distinguished by EDS (resolution is about 100 eV), so their
peak is overlapped.
Figure 6 shows the interfacial conditions of the diamond film

prepared on FeCrAl substrate with 20 vol % CH4. Figure 6a is a
low-magnification cross-sectional BF image showing both the
top ultrafine diamond crystallites and the underlying FeCrAl

Figure 4. Detailed microstructures among the interface between pure
Fe substrate and the film. (a) Low-magnification and (b) enlarged
cross-sectional BF images, with inset showing the interfacial EDP, the
interface as marked by the red curve is very rough, has an indented
shape. (c) HRTEM image of the hollow area, showing the graphite
phase directly grows from the substrate iron carbide.

Figure 5. (a) Cross-sectional BF image of the diamond film prepared
with 1 vol % CH4 on Fe15Cr5Al substrate. (b) The interfacial
HRTEM image, the arrow indicates the location where the diamond
crystalline starts growing on top of the amorphous phase. (c) EDS
line-scan profile scanned along the red dashed arrow indicated in a.
There exists an interfacial layer where Al element content is much
higher.
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substrate. A HRTEM image (Figure 6b) shows the details of
the interfacial area indicated by the square in Figure 6a. The
nanocrystal diamond phase in the film is identified by an
interplanar spacing which is about 0.205 nm, and the substrate
is α-Fe in [100] axis. Between the film and the substrate exists
an amorphous interfacial layer, with thickness of 3−5 nm,
which is much thinner than that formed with 1 vol % CH4. The
composition of this interfacial layer shown in Figure 6c
indicates that it is also an Al-rich oxide layer. The counts of C
and Fe were assumed to originate from the film and the
substrate, respectively.
Energy-filtered transmission electron microscopy (EFTEM)

is a parallel imaging technique,35 which only gathers images
from scattered electrons of a specific energy-loss range. It can
easily and quickly achieve a high spatial resolution in nanoscale.
Therefore, this technique is very appropriate for investigating
the elemental distribution in the narrow interfacial layer
between FeCrAl substrate and diamond film. The area enclosed
by the square in Figure 6a has been examined, and the results

are shown in Figure 7. Figure 7a is the BF image filtered with
zero loss peak (ZLP), where the interfacial layer shows a bright
contrast. The corresponding energy-filtered mappings are
shown in Figure 7b−e. The elemental spatial distribution is
clearly visible by combining these mappings. The red dash lines
indicate the boundaries of Fe (Figure 7b, substrate) and C
(Figure 7c, film) maps, and obviously, a narrow interfacial layer
exists between the two red dash lines. Figure 7d is the Al
distribution map, and the red arrow denotes the layer where Al
is enriched. The position of this denoted layer is consistent with
the narrow interfacial layer. Furthermore, a color mixed RGB
image is shown in Figure 7f with Fe (green), Al (blue) and C
(red). It clearly demonstrates that the interfacial area is an Al-
rich layer. In addition, the O element distribution (Figure 7e) is
nearly the same as that of Al, revealing that probably the Al
element in this interfacial area exists in an oxide form. It is
worth noting that the Cr element map is not included here
because most of Cr element has formed into carbides.
Many chromium carbides precipitated at the interface

between FeCrAl substrate and diamond film, and it is
interesting to point out that there is also an Al-rich layer on
these interfacial chromium carbides. Figure 8a is the BF image
of interfacial chromium carbide filtered with ZLP, and the
corresponding energy-filtered mappings are shown in Figure
8b−f, with the white arrows indicating the carbide position.
The elemental mappings indicate that a thin layer still exists on
the top of the chromium carbide where both Al and O are
enriched.

3.3. Identification of Cr Effect by Comparing FeAl and
FeCrAl Alloys. Although the interfacial adhesion of diamond
films formed on those Al-containing substrates are considerably
improved in comparison with those on Al-free substrates, the
diamond film formed on FeAl substrate still suffers from local
spallation after CVD, as shown in Figure 1c. The cross-sectional
BF interfacial images of the residual diamond film (the black
arrow indicated in Figure 1c) grown on FeAl substrate is shown
in Figure 9. In some cases, the residual film is adherent with the
FeAl substrate, as shown in Figure 9a. The top inset is the EDP
of the residual film, which further confirms that the film formed
on FeAl substrate is the diamond phase, consistent with our

Figure 6. (a) Cross-sectional BF image of the interfacial area in the
sample prepared with 20 vol % CH4 on Fe15Cr5Al substrate. (b)
HRTEM image of the interface, the substrate is α-Fe along the [100]
axis, an amorphous layer exist between the diamond film and the
substrate; (c) an EDS point-scan profile scanned across the interface,
showing the Al element concentration in the amorphous layer.

Figure 7. EFTEM images of the FeCrAl/diamond interface demonstrating Al enrich in the interfacial layer. (a) BF image filtered with ZLP; (b) Fe-
L2,3 map; (c) C−K map; (d) Al-L2,3 map; (e) O−K map; (f) color mixed RGB image with Fe (green), Al (blue), C (red).
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previous Raman analysis.30 The bottom inset shows the
composition of the arrowed interface, indicating that there is
an Al-rich layer between FeAl substrate and diamond film.
However, in many cases, the residual film is removed away from
the substrate by the glue (epoxy) during the preparation of
cross-sectional TEM samples, as shown in Figure 9b. This
indicates that the adhesion strength between the residual film

and FeAl substrate is not strong. In contrast, diamond film
could grow densely, continuously and adherently on FeCrAl
substrate (Figure 1d). And on the basis of our large numbers of
TEM observations, no films have been adhesive away from the
substrate by the glue, suggesting the interfacial adhesion
between diamond film and FeCrAl substrate is much strong in
comparison with FeAl substrate. Furthermore, indentation and
scratch tests (see Figure S3 in the Supporting Information) also
demonstrate the excellent interfacial adhesion between
diamond film and FeCrAl substrate, and the detailed
mechanical testing information can be referred to in our
previous paper.32

3.3.1. Estimation of Thermal Stresses. During heating or
cooling, high stresses are induced in the coating if the thermal-
expansion coefficients of the diamond films and the Fe-based
alloy substrates vary significantly from each other. The thermal
stress can be readily estimated from the equation36

∫σ
υ

α α=
−

−E
dT

1
( )

T

thermal
20

f s

Where E is Young’s modulus of diamond, about 1050 GPa; αf
and αs are the thermal-expansion coefficients of the diamond
film and substrate, respectively; υ (= 0.07) is the Poisson ratio
of the diamond film, and T (about 670 °C) is the deposition
temperature. The estimated thermal stresses between the
diamond films and the different substrates by the equation are
given in Table 1.

The thermal-expansion coefficient of Fe25Al is not available,
but it must be greater than that of Fe15Al, as the thermal-
expansion coefficient of Al is much higher than that of Fe.
Hence, the thermal stress is larger than 10.13 GPa. Similarly,
the thermal-expansion coefficient of Fe15Cr5Al is also
inaccessible. By comparing with Fe15Cr and taking into
account only a small amount of Al added, the thermal stress
is estimated to be about 7.5−8.5 GPa, which is larger than that
on Fe15Cr substrate and lower than that on pure Fe substrate.

3.3.2. Interfacial Cr Carbides. Many chromium carbide
particles have formed at the interface between FeCrAl substrate
and diamond film. Figure 10a, b shows the BF images of
chromium carbides precipitated at the FeCrAl/diamond
interface, with the insets showing the corresponding EDPs of
the marked carbides. Interestingly, in some cases, the interfacial
carbides are partially immerged in the substrate, whereas the
rest are incorporated into the diamond film (arrows indicated
carbides in Figure 10a, b), which act as pegs at the interface and

Figure 8. (a) BF image of chromium carbide precipitated along the
FeCrAl/diamond interface filtered with ZLP; (b) Al-L2,3 map; (c) C−
K map; (d) Cr-L2,3 map; (e) O−K map; (f) Fe-L2,3 map; the white
arrows indicate the carbide position.

Figure 9. Cross-sectional TEM observations of the residual diamond
film (marked by the white arrow in Figure 1c on Fe25Al substrate. (a)
The residual diamond film adheres to the substrate, with the top inset
showing the EDP of the residual film and the bottom inset showing
the composition of the marked interface. (b) The residual diamond
film is detached from the substrate by the glue.

Table 1. Thermal Stress of Diamond Films on Various
Substrates Were Estimated

α × 10−6a/K

material 293 K 943 K αave σthermal (GPa)

diamond ∼0.8 ∼4.2 ∼2.5
Fe ∼11.8 ∼16.5 ∼14.2 ∼8.59
Cr ∼4.9 ∼11.5 ∼8.2 ∼4.18
Al ∼23.1 ∼32.3 (800 K) ∼28 ∼18.7
Fe15Al ∼11.6 ∼21 ∼16.3 ∼10.13
Fe25Al ≫10.13
Fe15Cr ∼10.5 ∼13.7 ∼12.1 ∼7.04
Fe15Cr5Al 8.59 > σ > 7.04

aα is the linear thermal expansion coefficient (data from
Thermophysical Properties of Matter, The TPRC Data Series).
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significantly enhance the interfacial bonding strength between
the diamond film and the substrate. In contrast, no carbide
phase has been observed along the FeAl/diamond interface, as
indicated by Figure 10c.

4. DISCUSSION
4.1. Role of Al. Comparison of the films formed directly on

pure Fe, FeCr, FeAl and FeCrAl substrates, Fe-based alloy
substrate alloyed with Al has been proved favorable for
promoting diamond growth and enhancing interfacial adhesion.
On Al-free substrates such as pure Fe and FeCr, the formed
films (Figure 1a, b) have a poorly packed structure and mainly
consist of graphite and many small carbide particles (Figure
2a−d). Only after prolonged deposition time, diamond films
can form on these substrates but spontaneously delaminate
from the substrates after cooling.31 Two major barriers that
have restricted adherent diamond coating directly on Fe
substrate are the high diffusion coefficient of carbon in iron and
the strong catalytic effect of iron for preferential graphite
formation. On the one hand, there is not an effective interfacial
layer available on pure Fe substrate to hinder C diffusion, hence
C will quickly diffuse into the Fe substrate and lead to substrate
carbonization (Figure 3a). On the other hand, Fe also diffuses
outward and the interfacial products formed on the substrate
surface usually consist of both graphite and iron carbides
(Figure 2a). And these iron carbide particles in the film further
act as second nucleation sites for graphite (Figure 2b). The
addition of Cr alone to Fe substrate does not significantly
improve diamond growth and adhesion, and the interfacial
products formed on FeCr alloy are very similar to those on
pure Fe substrate, as shown in Figure 2c, d. The only difference
is that the continuous Fe3C layer formation on FeCr alloy is
hindered (Figure 3b) because of a stronger carbide forming
ability of Cr in comparison with Fe. After alloying modification
by Al element, a very thin Al-rich interfacial oxide layer forms
on the substrate surface during the process of film deposition.
The comprehensive HRTEM (Figures 5b and 6b) observation
of the interface between FeCrAl substrate and diamond film
reveals that an amorphous interfacial layer has formed. The
EDS (Figures 5c and 6c) and EFTEM (Figure 7) analysis
further demonstrate that this interfacial layer is especially rich in
Al, along with a simultaneous O enrichment. Accordingly, the
element Al is assumed to be an amorphous alumina in the
interfacial layer. From our EDS profiles of interfacial layer, the
Al/O ratio of the amorphous interfacial layer can be quantified
to be about 2:3, and oxidation-induced amorphization of Al has
been observed by both experiments and molecular-dynamics
simulations.37−39 The Al oxide interfacial layer in situ formed
on FeCrAl substrate surface plays critical roles in enhancing

diamond nucleation, growth and adhesion. Comparing the
carbides precipitated conditions in FeCr and FeCrAl substrate
(Figure 3b−d), large numbers of chromium carbides and iron
carbides formed in FeCr substrate, while only chromium
carbides formed in FeCrAl substrate, implying that the Al oxide
layer on FeCrAl substrate effectively impedes the surfacial
carbon diffusing into the substrate. Meanwhile, the Al oxide
layer acts as a highly protective layer to effectively separate the
carbonizing atmosphere from the alloy substrate and decrease
the surfacial activity of Fe. Therefore, the graphite catalyzing
effect by iron is effectively hindered. Furthermore, a high
surfacial concentration of C normally promotes diamond
nucleation and growth.40 Once an Al oxide layer forms on
the substrate surface, the diffusion of C atoms toward the
substrate is greatly decreased. Consequently, carbon atoms
primarily accumulate on the substrate surface and quickly
approach a supersaturated level, which is very favorable for the
nucleation and subsequent growth of exclusive diamond film.
The formation of the intermediate Al oxide layer may come

from two sources. On the one hand, because of the high
reactivity of Al to oxygen, the Al oxide passivation thin layer can
even form at ambient atmosphere. On the other hand, before
diamond nucleation starts in the CVD deposition process, an
incubation period exists which may range from a few minutes to
hours, depending on substrate materials, surface pretreatment
and deposition parameters.33 The incubation period provides
time for the oxidation of aluminum, where oxygen comes from
the impurity of the reaction gases. With 20 vol % CH4, C will
accumulate more quickly on the substrate surface, and thus less
time is required to meet the supersaturation condition for
diamond nucleation. Accordingly, the incubation period is
shorter than that with 1 vol % CH4. Once diamond starts to
grow, the oxidation speed of aluminum on the substrate surface
will be decelerated and finally terminated. As a result, with 20
vol % CH4, the interfacial Al oxide layer would be thinner than
that with 1 vol % CH4. This assumption is in accordance with
our experimental results. For instance, the thickness of the
interfacial oxide layer is about 3−5 nm (Figure 6b) with 20 vol
% CH4, whereas it is about 10−15 nm with 1 vol % CH4
(Figure 5b).

4.2. Role of Cr. Although FeCr alloy does not provide
significant improvement in the interfacial adhesion of diamond
films, the presence of chromium in FeCrAl ternary alloy
demonstrates a beneficial effect in a few aspects. In our previous
work,30 only a higher Al content in FeAl alloys could effectively
eliminate the formation of nondiamond phase on the substrate
surface. After Cr addition, a much smaller amount of Al is
needed to form continuous and adherent diamond films. This
phenomenon can be explained by the third element effect
(TEE). The third element (chromium) can boost the formation
of the Al-oxidized scale on the surface up to such a level that
the Al content in bulk can be kept within the acceptable limits
regarding the mechanical properties of the alloy.41−45

Besides, element Cr plays an important role in enhancing the
interfacial adhesion between the diamond film and the
substrate. The thermal-expansion coefficient of Fe25Al alloy
is much larger than that of Fe (see Table 1). Because of the
large difference in the thermal expansion of diamond and
Fe25Al substrate, the stresses generated in the diamond film
after cooling to room temperature are very large (>10 GPa).
The large stresses frequently induce cracking or delamination of
diamond films from the substrate. Therefore, the diamond film
formed on Fe25Al substrate easily suffers from a local spallation

Figure 10. (a, b) BF images and corresponding EDPs of chromium
carbides precipitated along the FeCrAl/diamond interface; (c) BF
image of the FeAl/diamond interface, no carbide was observed.
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(as shown in Figure 1c), and the residual film is also easily
detached from the substrate (Figure 9b). However, the thermal
stresses between diamond film and Fe15Cr5Al (about 7.5−8.5
GPa) are much smaller than that of Fe25Al, which can be
attributed to the fact that the thermal-expansion coefficient of
Cr is much lower than that of Al, and also lower than that of Fe
(see Table 1). Meanwhile, as Cr added, the Al content needed
for ensuring the diamond formation is remarkably reduced.
Moreover, the interfacial carbides may play very positive roles
in the mechanical interlocking of the film and the substrate. A
comparative study on the interfaces (Figure 10) has revealed
that many Cr carbides precipitated at the FeCrAl−-diamond
interface, whereas there is not any carbide formed at the FeAl−-
diamond interface. The Cr carbides formed along the film/
substrate interface act as pegs to hinder the film detaching from
the substrate. Because of the strong mechanical interlocking
and chemical bonding by these interfacial carbides, the
adhesion between diamond film and FeCrAl substrate is greatly
enhanced. This is consistent with other researchers applying Cr
as interlayer to improve the interfacial adhesion.20,23,46 Finally,
a large number of carbide particles also precipitate along the
crystal defects such as dislocations and crystal boundaries in the
near surface of the substrate (Figure 3d), otherwise these
defects are short channels for rapid carbon diffusion. By
hindering carbon diffusing deep into the substrate, these
carbide particles also play an auxiliary role in the accumulation
of C concentration in the surface.
4.3. A Simple Model. On the basis of our analysis and

discussion, a model describing the mechanism of diamond films
grown on Al, Cr modified Fe-based substrate is proposed, as
shown in Figure 11:

(a) On pure Fe substrate, after prolong time deposition, the
continuous diamond film can form, but it spontaneously
peels off the substrate after cooling, whereas the
interfacial products that remain on the substrate surface
consist of loosely packed graphite and iron carbide
particles. A continuous iron carbide layer forms in the
substrate as well.

(b) On Fe−Cr alloy substrate, the film structure is quite
similar to that observed on pure Fe, with peeled
outermost diamond film, an intermediate graphite layer
on the substrate surface, and the carbides of the base
metals.

(c) On Fe−Al binary alloy substrate, the graphite inter-
mediate layer is absent, whereas an Al-rich interfacial
oxide layer is observed. The interfacial adhesion of
diamond film is improved but the film still spalls locally.

(d) On FeCrAl ternary alloy substrate, the graphite
intermediate phase is prevented and a better adherent
diamond film forms. An Al-rich oxide layer forms along
the interface, with chromium carbides precipitated at the
interface and the near surface of the substrate.

In this model, it is necessary to emphasize that although a
diamond layer can also form on pure Fe or FeCr substrate after
long time deposition, it easily peels off upon cooling because of
the graphite intermediate layer. The key role of Al is that an Al-
rich oxide layer forms at the interface, which acts as (i) an
efficient barrier for both C and Fe diffusion; (ii) a crucial
hindrance of Fe catalyzed preferential formation of graphite;
(iii) a quick accumulation of C for supersaturation. Meanwhile,
the supplementary role of Cr is to (i) reduce the critical Al
concentration required to form its oxide; (ii) enhance the
interfacial adhesion through decreasing the thermal stresses and
providing mechanical interlocking by the interfacial chromium
carbides; (iii) play an auxiliary role in the accumulation of
surfacial C concentration. Therefore, the beneficial roles of
element Al and Cr, especially their synergetic effects, enable a
dense, continuous, and adherent diamond film to form on
FeCrAl alloy substrate.

5. CONCLUSIONS

Direct CVD growth of adherent diamond films on conventional
Fe-based alloys is difficult, but it is possible by alloying the
substrates with element Al, especially a combination of Al and
Cr. Comprehensive TEM interfacial analysis reveals that on
pure Fe and FeCr alloy substrates, an intermediate graphite
layer forms between the diamond film−substrate interface, with
a simultaneous carbonization attack in the substrates. There-
fore, diamond films formed are not adherent to these substrates
because of the weak interfacial bonding caused by the
intermediate graphite phase. In contrast, the formation of
graphite phase is absent on the Al-containing Fe-based alloy
substrates. Instead, a very thin amorphous Al-rich oxide layer is
in situ formed between the diamond film and substrate
interfaces. This Al-rich interfacial oxide layer acts as an effective
barrier to hinder the diffusion of carbon and suppress the
formation of graphite. Accordingly, an enhanced interfacial
adhesion is obtained on the Al-modified substrates. Further-
more, the interfacial adhesion of diamond films directly grown
on FeCrAl substrate shows superior to that grown on FeAl.
This can be attributed to the decreased substrate thermal-
expansion coefficient after Cr addition and the enhanced
mechanical interlocking adhesion provided by the interfacial
chromium carbides.
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Figure 11. Model describing the mechanism of diamond films grown
on Al, Cr-modified Fe-based substrate is proposed.
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