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C276 alloy layers were deposited on 4140 steel substrates by plasma enhanced magnetron sputtering. The
as-deposited 12-μm-thick coatings exhibit a face centered cubic nanocrystalline structure with a grain size of
37–46 nm and a uniform composition that replicates the C276 alloy deposition source. The as-deposited coating
hardness H= 6.2 ± 0.3 GPa is four times larger than the known bulk H= 1.5–1.9 GPa. This is attributed to the
small grain size and associated Hall–Petch hardening. Annealing in air for 1 h at 600 °C, 700 °C, and 800 °C causes
negligible changes in grain size but results in changes inmicrostructure and texture and a significant increase inH
to 7.3–8.5 GPa. Compositionalmaps by Auger electron and energy-dispersive spectroscopies aswell as a secondary
x-ray diffraction peak suggest that this increase is due to segregation and precipitation of Cr- andMo-rich regions.

Published by Elsevier B.V.
1. Introduction

Ni-Cr-Mo alloys such as the Hastelloy C series are high-grade corro-
sion-resistant materials which are considered to be themost corrosion-
resistant Ni-based superalloys [1]. C series alloy tubes and components
are used in a variety of highly corrosive environments such as those
present in nuclear reactors and chemical processing and petrochemical
industries [2,3]. However, these alloys are quite expensive and they
have reduced machinability and formability when compared to plain
carbon steels due to their tendency toward work hardening [4]. There-
fore, it is desirable to combine the excellent surface protection proper-
ties of these alloys with the excellent bulk properties of plain carbon
steels in terms of strength, cost, machinability, and formability. We
envision that this can be achieved by depositing a protective C series
alloy layer on top of carbon steel components and have already reported
that Hastelloy C276 coatings that are deposited on 4140 steel substrates
suppress pit formation and reduce the corrosion rate by three orders of
magnitude during cyclic polarization and autoclave testing with H2S
and CO2 [5].

In this paper, we present the results of a study of themicrostructure,
temperature stability, andmechanical properties of C276 films on 4140
steel. Despite the extensive use of this particular alloy in bulk form, the
mechanical properties of directly deposited C276 alloy coatings on steel
has not been reported, yet. The coatings are deposited by plasma
enhanced magnetron sputtering (PEMS) and their microstructure and
composition evaluated using a combination of scanning electron
ries 1 Buffington Street ATTN:
microscopy (SEM), x-ray diffraction (XRD), energy-dispersive spectros-
copy (EDS), and Auger electron spectroscopy (AES). A Knoop indenter is
used to measure the hardness, which was found to be four times larger
than the known hardness for bulk C276. Annealing in air at 600 °C–
800 °C leads to an additional hardness increase of 15–40%. The initial
high hardness is attributed to Hall–Petch strengthening. Compositional
mapping and secondary x-ray peaks suggest that the hardening upon
annealing is due to the formation of precipitates rich in Mo and Cr.

2. Experimental procedure

All samples were deposited at a growth temperature of 400 °C on
4140 carbon steel substrates machined to 27.5 × 27.5 × 6.25 mm3

(1.5″ × 1.5″ × 1/4″) blocks. The substrate surfaces were milled (non-
polished), had a measured roughness of 1.6 μm (64 microinch), and
were cleaned with isopropyl alcohol before introduction into the depo-
sition chamber with a base pressure of 4 × 10−4 Pa. The samples were
chained and hung on a two-fold rotation fixture in a 70 cm cubical plas-
ma enhanced magnetron sputter deposition system [5] with two circu-
lar magnetrons of which only one was used in this study. During
deposition, pure Ar was introduced into the system at a constant flow
rate of 190 sccm, yielding a processing pressure of 0.4 Pa. A constant
power of 3.6 kWwas applied to the magnetron, yielding a bias voltage
of −500 V on the 17-cm-diameter C276 alloy target. Under these
conditions, a deposition rate of 5 μm/h was achieved, while a coating
thickness of 12 μm was deposited for all samples. The second magne-
tron that was not used was kept at a floating potential. In order to
increase the ion current to the substrate, an additional global plasma
was created using a tungsten filament that was heated with an AC
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Fig. 1. XRD (a) overview scans and (b) detailed scans around the 111-reflections, from a
C276 alloy coating as-deposited, and annealed at Ta = 600 °C, 700 °C, and 800 °C. The
vertical lines in (a) correspond to the expected peak positions for a bulk C276 alloy and
d indicates the grain size determined from the peak width. The vertical lines in
(b) indicate the measured positions of the primary and secondary 111 peaks.
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power supply and held at a DC potential of−120 V, yielding a discharge
current of 5A at the filament and an ion current of 0.9 A at the substrate
holder, which was held at a bias of Vb = −40 V. As described in detail
previously [6–9], this approach yields an up to 25× higher ion current
density at the substrate, which is estimated to be 2.5 A/cm2 for these
deposition parameters. The high ion current density enhances the film
density and adhesion, and also results in grain renucleation and, in
turn, nanocrystalline microstructures.

Annealing experiments were done in air, using a box furnace with a
resistive heater. Specimens were heated and held for 1 h at annealing
temperatures of Ta = 600 °C, 700 °C, and 800 °C, followed by either
a water-quench or a furnace-cool. Water quenching was done by
immersing the specimens into room-temperature water within 2–3 s
after removal from the furnace which was still at Ta. Furnace cooling
was done by controlled slow cooling in the furnace at a rate of 20 °C/min.

Cross sections of samples in as-deposited and annealed conditions
were mounted and polished for metallographic examination of the
coating and interface. Prior to imaging, the metallographic samples are
subjected to a 2% Nital etch in order to evaluate the steel substrate
microstructure. Samples were analyzed in a Nikon-Lasertec laser scan-
ning confocal microscope (LSCM). HardnessH andmodulus Emeasure-
ments on coating and substrate were carried out on cross-sectional
specimens, using a Struers Model DuraJet-70 microhardness tester. A
Knoop indenter was used at a load of 50 g for all measurements with
the reported results representing the average of a minimum of six mea-
surements taken in the center of the coating. The elastic modulus was
determined using the method developed by Marshall et al. [10] and
employs the following expression:

b0

a0
≈ b0

a
¼ b

a
‐α

H
E

ð1Þ

where b and b′ are the short diagonal of the Knoop indentation before
and after elastic recovery, a and a′ are the long diagonal before and
after elastic recovery, and α is an experimentally determined constant
of 0.45. The change in a with elastic recovery is negligible, i.e. a = a′.
Thus, E is directly determined from the difference in b′/a and b/a. Stated
uncertainties for H and E correspond to ± one standard deviation.

Structural analyses of the coatings by x-ray diffraction were
completed using a PANanalytical X'pert Pro MPD system with a Cu Kα
source, a divergent beam with a 0.5° divergent angle, and a Pixcel
array detector with 255 channels in scanning mode. The scans were
performed in the 2θ range of 30°–100° with step size of 0.01°.

Coating compositions of as-deposited and annealed specimenswere
analyzed in cross section using an FEI Helios Nanolab DualBeam
scanning electron microscope equipped with an Oxford Instruments
X-MaxN 80 Energy-Dispersive Spectroscopy system. Additionally,
Auger electron spectroscopy was completed on metallographically
prepared cross sections with a Physical Electronics. Inc. PHI 700TM

Scanning Auger Nanoprobe.

3. Results

The overall composition of the coatings is independent of deposition
parameters such as substrate bias voltage or layer thickness and repli-
cates relatively closely the composition of the C276 target, which is
used as deposition source. This is verified by comparing EDS results
from cross-sectional coating specimens with those from the C276 bulk
material from which the sputtering target was made. The following
list shows the measured elemental composition in at.%, indicating the
range of compositions measured from three samples deposited under
identical conditions and (in parenthesis) the measured composition of
the target: 58.4–59.0 (61.5) Ni, 20.0–21.2 (18.7) Cr, 9.8–10.5 (9.7) Mo,
6.2–8.4 (5.8) Fe, 1.7–1.8 (1.7) Co, 0.8–0.9 (1.0) W, 0.5–0.8 (1.2) Al,
and 0.01 (0.5) Mn. The relatively small sample-to-sample composition
variation of ~1% indicates that the deposition process is well suited to
obtain reproducible coating compositions. The relative deviation from
the target composition is also small (b3%) for the primary elements.
However, the Al and Mn doping in the coatings is considerably smaller
than in the target, which we attribute to scattering in the gas phase
and preferential resputtering from the growing coating, due to the low
mass of these elements.

Fig. 1(a) shows typical XRD results from a 12 μm thick C276 coating
on 4140 steel. The four spectra are from an as-deposited sample and
from samples annealed for 1 h at 600 °C, 700 °C, and 800 °C as labeled.
The as-deposited spectrum shows all peaks that are expected for an
fcc crystal structure, indicating some degree of random orientation.
The intensity of the 111 reflection is highest, with the intensity of the
200, 220, 311, and 222 peaks being 17, 231, 33, and 73 times weaker.
For a perfectly randomly oriented polycrystalline solid, the expected
ratio of 111 to 200 would be 3.7:1 [11], indicating a 111 preferred
growth orientation in the as-deposited condition.

The peak positions are at 43.36°, 50.54°, 74.30°, 90.12°, and 95.51°
2θ, yielding an out-of-plane lattice constant of 0.3608 ± 0.0003 nm.
This value is 0.2% smaller than 0.3615 nm, the reported lattice constant
of the C276Ni alloy [11].We attribute this deviation to a biaxial in-plane
tensile stress of 0.7 GPa, which is determined from the measured strain
of −0.2% in the growth direction and assuming an isotropic elastic
modulus E= 205 and Poisson's ratio ν= 0.33 [12] as well as a relaxed



Fig. 2. Cross-sectional optical micrographs from a C276 alloy coating after annealing in air
at 800 °C showing (a) a Knoophardness test indent and (b) high-temperature oxidation of
steel along the specimen edge.

Fig. 3.MeasuredKnoop hardness of an as-deposited and annealed C276 coating. Labels in-
dicate the annealing temperature of 600 °C, 700 °C, and 800 °C for 1 h and the cooling pro-
cedure by quenching (q) or slow furnace cooling (fc).
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lattice constant of the coating of 0.3615 nm, which is justified by the
coating composition being relatively close to the known C276 alloy
and the expected relatively weak composition dependence of the lattice
constant. This tensile stress is indicative of a slightly columnar micro-
structure. Increasing ion irradiation through higher bias or increased
current density may result in a denser structure and compressive resid-
ual stress, which is desirable for optimized corrosion resistance.

The spectrum from the 600 °C annealed specimen exhibits the same
reflections,with a slight reduction in the111:002 intensity ratio from17
to 14, indicating some recrystallization and development of a more
random orientation. This trend continues with annealing at 700 °C
and 800 °C with a further reduction in the intensity ratio to 10 and 4,
respectively, where the latter value is close to the ICDD value of 3.7,
indicating recrystallization and nearly perfect random orientation for
the coating annealed at 800 °C. The 111 peak width at half maximum
of the as-deposited and annealed specimens are nearly identical,
0.232°, 0.195°, 0.184°, and 0.218°, corresponding to average grain sizes
of 37, 44, 46, and 39 nm, respectively, as determined using the Scherrer
formula after accounting for instrumental broadening. Annealing also
causes shifts in all XRD peaks. This is illustrated more clearly in
Fig. 1(b) for the 111 reflections. The plot shows the logarithm of the
intensity over a narrow 2θ range of 42.2°–44.5°. The 111 peak position
shifts from 43.36° for the as-deposited specimen to 43.48°, 43.53°,
and 44.02° for the sample annealed at 600 °C, 700 °C, and 800 °C, respec-
tively. This peak shift corresponds to a decrease in the out-of-plane
lattice constant from 0.3608 ± 0.0003 to 0.3603 ± 0.0002, 0.3601 ±
0.0002, and 0.3563 ± 0.0002 nm, as determined by analyzing the
peak positions for all reflections, that is, the 111, 002, 220, 311, and
222 reflections. The lattice constant decrease could, in principle, be
attributed to an increase in the tensile stress. However, spatial composi-
tion fluctuations in the annealed coatings (presented below) as well as
the asymmetric XRD peak shape for Ta = 700 °C and the formation of a
discrete secondary peak for Ta=800 °C suggest that these shifts are due
to compositional segregation. In particular, the 111peaks of the samples
annealed at 700 °C and 800 °C exhibit a shoulder and discrete peak,
respectively, labeled as “secondary peak” in Fig. 2. These secondary
peaks at 2θ = 43.2° for 700 °C and 42.57° for 800 °C are 5× and 4×
less intense than the main peaks at 43.53° and 44.02°, and the corre-
sponding out-of-plane lattice parameters of 0.3626 and 0.3686 nm are
0.7% and 3.4% larger than the values from the main peaks and 0.5%
and 2.2% larger than the lattice parameter from the as-deposited
sample. We attribute this secondary phasewith a larger lattice constant
to Cr-, Mo-, and W-rich precipitates, which form within the Ni-based
matrix during annealing. This segregation causes the remaining major-
ity of the coating to exhibit reduced Cr, Mo, andW concentrations, with
a correspondingly smaller lattice constant.

Fig. 2(a) is a typical cross-sectional optical micrograph of a C276
coating on a 4140 steel substrate. This particular micrograph is from a
specimen that was annealed at 800 °C followed by a furnace-cool. The
contrast made visible by metallographic polishing followed by a
2% Nital solution etch steel substrate exhibits the expected mix of
proeutectoid ferrite (light) and pearlite (dark) due to annealing of the
hypoeutectoid steel in the γ+ α region of the phase diagram. The inter-
face between substrate and C276 coating is relatively sharp, with no
indication of interdiffusion. The measured coating thickness is 12.2 ±
0.4 μm, in good agreement with the nominal thickness of 12 μm. The
surface is relatively smooth, with an average peak-to-value height
difference of 0.47 μm, corresponding to a root-mean-square surface
roughness of 0.17 μm. Themicrograph also shows a typical Knoop hard-
ness test indent, which is intentionally located approximately in the
middle between coating surface and interface, and was done on this
sample after sample annealing and polishing but prior to the Nital
etch. The indent exhibits the characteristic elongated pyramidal shape,
replicating the Knoop indenter. Fig. 2(b) shows the edge of the same
specimen. The gray contrast indicates an oxide scale that has formed
during annealing on the right edge of the steel. In contrast, the top surface
of the steel that is covered with the C276 coating shows no indication of
degradation, illustrating the effectiveness of the coating in protecting
the underlying substrate from high-temperature oxidation.

Fig. 3 is a plot of the measured hardness of an as-deposited
and annealed C276 coating. All data in the plot are from the same
12-μm-thick coating, which was cut into multiple specimens that
were, prior to hardness measurements, exposed to different annealing
treatments, including annealing at 600 °C, 700 °C, and 800 °C for 1 h,
followed by quenching (q) or slow furnace cooling (fc), as labeled. The
error bars in the plot correspond to the standard deviation determined



302 C.P. Mulligan et al. / Surface & Coatings Technology 270 (2015) 299–304
from 5 to 6 individual indentation measurements taken from each
specimen. The hardness of the as-deposited coating is 6.2 ± 0.3 GPa.
This is four times higher than the reported range of 1.5–1.9 GPa for
annealed bulk C276 [12], and nearly twice as high as H = 3.4 GPa, the
value for heavily cold worked bulk C276 [13]. The coating is also two
times harder than the typical hardness of 4140 high strength low alloy
steel of 2.6–3.7 GPa [14].The large hardness in the as-deposited condi-
tion is attributed to Hall–Petch strengthening, as discussed in the next
section. The measured hardness of the annealed specimens ranges
from 7.3 to 8.5 GPa, which corresponds to a 15–40% increase over the
as-deposited value. Differences in the hardness between different
annealing temperatures, times, and cooling procedures are comparable
in size to the experimental uncertainty, so that no clear trends can be
detected from the data in Fig. 3 regarding how specific annealing
parameters affect the coating hardness. Elastic modulus, E, for the
as-deposited, 600 °C(fc), 700 °C(fc), and 800 °C(fc) were measured to
be 240 ± 60, 210 ± 40, 250 ± 50, and 250 ± 80 GPa, respectively.
The average values are in agreement with the expected E = 205 GPa
but as with the hardness of annealed specimens, all values lie within
the experimental uncertainty so that no clear trend can be detected
with annealing parameters.

Fig. 4 shows Auger electron spectroscopy results from a C276 alloy
coating cross-sectional specimen, which was annealed at 800 °C and
furnace cooled. The plot in Fig. 4(a) shows the ratio of the measured
Ni-to-Cr intensity INi/ICr vs position, and Fig. 4(b) is the corresponding
secondary scanning electron micrograph where the red line indicates
the position used for the Auger line scan. The contrast in Fig. 4(b) is
attributed to the surface topography caused by differential polishing of
domains with different hardness. For comparison, the inset in
Fig. 4(a) shows the measured INi/ICr for an as-deposited specimen. The
Ni and Cr intensities are chosen for this analysis because these two
Fig. 4. (a) Ni-to-Cr Auger intensity ratio vs distance and (b) associated cross-sectional SEM
micrograph indicatingwith a red line the position of the Auger line scan, from a C276 coat-
ing annealed at 800 °C. The inset in (a) shows comparable data from the as-deposited
coating.
elements have the highest concentration in C276, while the lower
concentration elements Mo, Fe, Co, and W do not yield sufficiently
intense Auger peaks for accurate quantification. The line scan from the
as-deposited sample was obtained from 200 points along a 4 μm line,
using a 10 kV, 10 nA electron beam with a 20 nm spot size. As shown
in the inset, the composition is essentially uniform across the sample
with an average INi/ICr = 1.96. In contrast, the line scan from the
annealed specimen, which consists of 256 points along 1.79 μm
obtained with a 20 kV, 1 nA electron beam with a spot size of 7 nm,
indicates considerable concentration variations. In particular INi/ICr
varies from aminimumof 0.39 to amaximumof 2.7. This compositional
variation indicates phase segregation during annealing.

Fig. 5 shows results from an EDS line scan analysis, which is done to
obtain higher quantitative compositional accuracy than from the Auger
analysis, however, at a lower spatial resolution. The plot shows the
measured concentration of Ni, Cr, and Mo at 500 points along a
6-μm-long line parallel to the substrate surface in the middle of a
C276 coating, which was annealed at 800 °C followed by cross-
sectional specimen preparation using a focused ion beam. The
measured Fe, Co, and W concentrations do not exhibit significant
fluctuations beyond the noise level and are not plotted. All three
measured elements, Ni, Cr, and Mo, exhibit considerable spatial
fluctuations within the 6 μm plotted in Fig. 5. For example, the Ni
concentration varies from 50 to 67 at.%, while the measurement
noise level, as determined from the intensity variations of neighbor-
ing points, is only 2%. The measured Ni:Cr ratio fluctuates from a
minimum of 1.7 to a maximum of 4.5, while Ni:Mo ranges from 3.2
to 10.5. In order to do a first-level lateral length scale analysis, we
add the Cr and Mo concentrations and determine the Ni:(Cr + Mo)
ratio, which fluctuates from a minimum of 1.2 to a maximum of
3.0. We define regions with Ni:(Cr + Mo) ≤1.5 or ≥2.5 as Ni-poor
and Ni-rich regions, respectively. The Ni-poor regions are indicated
in Fig. 5 by dashed red vertical lines, which correspond to the posi-
tions of the region boundaries where Ni:(Cr + Mo) = 1.5. Similarly,
the black vertical lines indicate Ni-rich regions.
4. Discussion

The primary focus of this section is to discuss the possible physical
origins of the relatively high hardness of the as-deposited C276 coatings
and the increase in hardness upon annealing.
Fig. 5.Ni, Cr, andMo concentrations, measured by EDS along a 6 μm long line running par-
allel to the interface at the center of the coating cross section, from a C276 coating
annealed at 800 °C.
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4.1. As-deposited coating hardness

Themeasuredhardness of the as-deposited coatings is 6.2±0.3GPa,
which is four times higher than the reported bulk hardness of C276 [12,
13]. Hardness enhancements in thin films in comparison to bulk mate-
rial of the same composition and phase is most commonly attributed to
compressive stress and/or a small grain size [15,16]. We attribute the
high hardness of the as-deposited C276 coatings in this study to the
relatively small average grain size of 37 nm since the coatings exhibit
a tensile (rather than compressive) stress of 0.7 GPa, which renders
hardness enhancements due to residual stresses unlikely. The well-
established Hall–Petch relation [17,18] predicts an increase in hardness
with decreasing grain size, for grains larger than a critical size in the
nanocrystalline regime below which an inverse relationship emerges
[19,20]. The grain size of 37 nm is significantly higher than the threshold
value for the inverse Hall–Petch relation reported for Ni and Ni(W) of
7.7 nm [20]. Thus, a regular Hall–Petch relation can be applied to explain
the hardness of the as-deposited coatings. The Hall–Petch hardness
enhancement is related to the increase in yield strength σ, which is
described by σ = σ0 + kD-1/2, where D is the mean grain size and the
constants σ0 and k are the friction stress and Hall–Petch slope, respec-
tively. For the case of Ni, σ0 = 37 MPa and k = 5538 nm1/2 [21,22].
These values yield a predicted eight-fold increase in the yield strength
from 119 MPa for large grained bulk annealed Ni to 947 MPa for
37-nm-grain refined Ni. That is, the expected Hall–Petch increase in σ
by a factor of eight is twice as high as the measured hardness enhance-
ment of a factor of four. This difference is attributed to the fact that C276
is a high work hardening alloy, rendering comparisons of σ and H
non-quantitative.

4.2. Annealed coating hardness

High hardness is a positive attribute for many applications in which
wear or abrasion are prevalent. However, in many material systems,
including bulk [23,24] and PVD coatings [25], the hardness associated
with the nanocrystalline structure is reduced with exposure to elevated
temperatures, which reduce crystalline defect densities and facilitate
recrystallization and grain growth. Correspondingly, based purely on
the Hall–Petch relation, annealing of the C276 coatings would lead to
a reduction in hardness, consistent with the measured grain size
which increases slightly from 37 to 46 nm during annealing at 700 °C
for 1 h. However, the measured hardness actually increases to 7.6 GPa.
The residual stress in the annealed coatings cannot account for this
trend since the stress after annealing is slightly more tensile than for
the as-deposited coating. Also, indentation measurements on slowly
furnace-cooled coatings show comparable hardness values as quenched
samples, indicating that the increased hardness after annealing is not
due to the development of a super-saturated solid solution during
rapid cooling. Third, the C276 alloy cannot form Ni3M strengthening
precipitates as common in conventional Ni-based superalloys because
the C276 does not contain sufficient Ti and/or Al for precipitate
formation.

We attribute the increase in the hardness during annealing of the
C276 coatings to the formation of precipitates rich in Mo and Cr. This
is supported by the XRD data which shows a splitting of the peaks for
annealed specimen. The formation of zones significantly enriched or
depleted in Cr and Mo result in larger and smaller lattice parameters,
and therefore XRD peak shifts to the left and right, respectively. The
Auger results from annealed samples clearly show compositional varia-
tions with alternating Ni- and Cr-rich regions, and the EDS results
support the formation of alternating regions both depleted and
enriched in Cr and Mo in comparison to the base C276 alloy.

Although C276 is not a typical precipitation strengthening alloy,
several studies have been conducted on both C276 and the similar
C-22 alloy with respect to the age hardening behavior undergoing a
variety of heat treatments [26–28]. In Ref. [26], researchers report a
~15% hardness increase during heat treatment. In addition, they find
that the hardness plateaus after a certain time period with no further
hardening effect with continued aging. This general trend is in good
agreement with the results in our study. However, Ref. [26] uses a
higher annealing temperature of 850 °C, and annealing for up to
250 h, with a high hardness being reached after ~100 h. In contrast,
our study indicates an increase in H already for Ta = 600 °C, and that
precipitation of secondary phases occurs at grain boundaries in as little
as 1 h. The much faster hardness increase for our coatings is attributed
to the 2,500× finer grain size, on the order of 40 nm versus 100 μm
for the bulk alloy studied in Ref. [26]. Similarly, Ref. [27] reports a
15–20% increase in strength during aging of bulk C276 for 100–1000 h
at 500 °C. The strengthening has been attributed to a short range order-
ing reaction from a disordered fcc lattice into an ordered Ni2(Cr, Mo)
superlattice. Thus, similar to Ref. [26], the aging time is much larger
for these bulk samples than for our coatings.We attribute the accelerated
age hardening behavior of the coatings in this study to the much finer
grain size and associated shorter diffusion length to grain boundaries as
well as the larger volume fraction consisting of grain boundaries,
resulting in a rapid hardening response during annealing for PVD
deposited C276. This unforeseen age hardening effect has positive impli-
cations on the utility of these coatings since maintaining mechanical
strength at elevated temperatures is of vital importance for many
applications.

5. Conclusions

C276 coatings were deposited by plasma enhanced magnetron
sputtering on 4140 carbon steel and subsequently annealed for 1 h at
temperatures of 600 °C, 700 °C, and 800 °C. The coatings exhibit a face
centered cubic nanocrystalline structure with grain size ranging from
37 to 46 nm. The as-deposited coatings are 4× harder than the bulk
C276 alloy, while annealing causes an additional 15%–40% increase in
H. The high as-deposited hardness is attributed to the small grain size
while the hardening during annealing is due to the formation of finely
dispersed phases significantly enriched in Cr andMo. The age hardening
behavior is much accelerated compared to bulk C276 due to the fine
grain size. The coatings have potential for use as a low-cost, higher
strength replacement for bulk C276 alloy components when used in
conjunction with plain carbon steel alloys.
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