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bstract

In situ formation of NbC in nanocomposite copper powders was achieved by mechanical alloying at room temperature without further heat
reatment. Nominal compositions of 10 and 20 vol.% of NbC were produced from elemental powders of copper, graphite and niobium for milling

imes of 3.6, 7.2, 14.4, 28.8, 57.6 and 115.2 ks. As-milled Cu–NbC nanocomposites were characterised by scanning electron microscopy (SEM),
-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). XRD and XPS results show that NbC begins to form during the first 3.6 ks,

nd increases with the time of milling. The kinetics of NbC formation was studied using the results obtained from XRD and XPS experiments. A
echanism for the synthesis of NbC is proposed.
 2007 Elsevier B.V. All rights reserved.
eywords: Composite materials; Powder metallurgy; XRD; XPS
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. Introduction

High strength and high electrical and thermal conductivity
u-based alloys are prime candidates for applications such as

pot welding electrodes, high-performance switches, rotating
ource neutron targets, combustion chamber liners and noz-

used to produce in situ Cu-matrix composites reinforced with
particles of materials such as borides, carbides, oxides and
intermetallic compounds [1,2,4–11]. The repeated deformation,
welding and fracturing that occur in MA lead to an intimate
mixing of the components. Additional heat treatment is usually
required to promote the precipitation of fine particles of rein-
le liners [1,2]. Mechanical alloying (MA) is one of the most
romising techniques used to produce heat-resistant dispersion-
trengthened copper alloys. MA [3] can also be successfully
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orcement phases such as carbides, oxides and nitrides in the
etal matrix. Recently Marques et al. have synthesised Cu–NbC

anocomposites by MA, without further heat treatment being
equired to achieve a suitable microstructure and properties [12].
he early stages of the process were investigated in order to
eveal the mechanisms of in situ formation of NbC within the
opper matrix [13]. Compared to other methods, in situ synthesis
y MA offers advantages such as more uniform reinforcement
article distribution and finer particle size, leading to stronger
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nd more heat-resistant materials. In the present work, mixtures
f Cu, C and Nb powders corresponding to nominal contents of
0 and 20 vol.% of NbC produced by MA were characterised by
-ray diffraction (XRD), scanning electron microscopy (SEM)

nd X-ray photoelectron spectroscopy (XPS) in order to reveal
he mechanisms and kinetics of in situ formation of NbC during

echanical alloying.

. Experimental

Copper-based nanocomposite powders reinforced with NbC were synthe-
ised in situ by mechanical alloying. Mixtures corresponding to nominal contents
f 10 and 20 vol.% NbC were produced from powders of Cu (99.9% purity; parti-
le size 44 �m < d < 149 �m), Nb (99% purity; average particle size 65 �m) and
ynthetic graphite (99.9995% purity; average particle size 74 �m). The milling
as performed in two steps. Firstly, a mixture of Cu and graphite powders was
illed for 14.4 ks to produce a Cu–C pre-alloyed powder. This step has two main

bjectives, to deoxidise the Cu and to disperse graphite into the copper matrix. In
he second step (NbC synthesis), Nb was added to the mixture and milling con-
inued for different times, namely 0.9, 3.6, 7.2, 14.4, 28.8, 57.6 and 115.2 ks. A
etailed account of the material preparation method has been reported elsewhere
12].

The materials were characterised by X-ray diffraction (XRD), scanning elec-
ron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). XRD
as performed with a Rigaku Geigerflex diffractometer fitted with a graphite
onochromator in the diffracted beam, using Cu K� radiation. Scanning speeds

f 0.02 and 0.006◦ min−1 (2θ) were used for fast acquisition of complete spec-
ra and high resolution scanning of (1 1 1) Cu and (1 1 1) NbC peaks (in the

2–54◦ 2θ range), respectively. The volume fraction of NbC was calculated
rom the ratio of (1 1 1) NbC and (1 1 1) Cu peaks, INbC/ICu. Samples for SEM
bservation were prepared by mounting the powders in conductive resin and
olishing using a standard technique. The observations were carried out in a
hilips XL30 FEG with EDS analysis. The X-ray photoelectron spectrometer

F
s
i
s

ig. 1. SEM images of Cu–20NbC powders milled for (a) 0.9 ks and (b) 3.6 ks. Spe
abelled a1 and a2, respectively.
and Physics  109 (2008) 174–180 175

sed was an XSAM800 (KRATOS) model operated in fixed analyser transmis-
ion (FAT) mode with pass energy of 20 eV. Non-monochromatic Mg K� and Al
� X-radiation (hν = 1253.6 and 1486.6 eV, respectively) were used. The power
as set to 130 W. Powder samples were compacted to pellets and mounted with
ouble-sided adhesive carbon tape. The samples were introduced into spec-
rometer under a pure nitrogen flux and analysed in an ultrahigh-vacuum (UHV)
hamber (∼10−7 Pa) at room temperature with a take-off angle (TOA) of 45◦.
he spectra were recorded on a Sun SPARC Station 4 with Vision software

KRATOS), using increments of 0.1 eV. X-ray source satellites were subtracted.
Shirley background was used for the baseline subtraction. Peak fitting was

arried out with a non-linear least-squares algorithm using pseudo-Voigt pro-
les (Gaussian/Lorentzian (GL) products). No flood gun was used for charge
ompensation. For samples containing copper + graphite(+niobium), the charge
hift was corrected using the binding energy of graphite C 1s (284.4 eV). This
alue resulted from the charge correction performed on the spectrum of graphite,
onsidering that the oxygen present in pure graphite is from physisorbed mois-
ure and is centred at 532.0 eV [14]. For niobium, copper oxide (Cu2O) and
ristine copper powders the charge shift was corrected using as reference the
inding energy of aliphatic C 1s (285 eV), while for NbC powder the charge
hift was corrected using the energy of Nb 3d5/2 in NbC (203.7 eV) [15–17].
he sensitivity factors used for quantification purposes were 6.3 for Cu 2p3/2,
.4 for Nb 3d, 0.66 for O 1s and 0.25 for C 1s.

. Results

The milled samples were first observed by SEM. The
icrostructure of Cu–20NbC powder milled for 0.9 ks observed

n backscattered electron mode (BSE) and the EDS spectra
btained in the regions identified as a1 and a2 are depicted in

ig. 1. The corresponding microstructure is typical of very early
tages of milling, and shows the beginning of Nb and Cu mix-
ng. Chemical analysis performed on large bright particles (a1)
hows that these correspond to pure Nb (a1), while the dark

ctra labelled a1 and a2 correspond to chemical analysis performed in regions
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Fig. 2. X-ray diffractograms of the as-milled Cu powders with 10 vol.% of NbC.
Cu corresponds to Cu starting powder and Cu–C corresponds to pre-alloyed
powders.
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ig. 3. X-ray diffractograms of the as-milled Cu powders with 20 vol.% of NbC.
u corresponds to Cu starting powder and Cu–C corresponds to pre-alloyed
owders.

nes (a2) correspond to a mixture of Cu, C and Nb resulting
rom milling (a2). A lamellar structure typical of mechanical
lloying and of ductile metals subjected to repeated welding and
racturing during the process is also observed. The micrograph
n Fig. 1(b) shows the microstructure of the powder milled for
.6 ks. It consists of Nb (bright) about 400 nm in size dispersed
n a homogeneous matrix. The microstructure becomes entirely
omogeneous for milling times longer than 28.8 ks.

The diffractograms of milled Cu–10NbC and Cu–20NbC
owders in the range of 32–54◦ (2θ) are shown in Figs. 2 and 3,
espectively. The diffractogram of a Cu powder is also included
or comparison. As expected, the intensity of NbC peaks
ncreases with increasing milling time and increasing proportion
f NbC. This compound can only be detected for milling times

xceeding a few hours (>7.2 ks), independently of the sample
omposition.

The kinetics of NbC formation was studied by XPS for
u–10NbC. Fig. 4 shows spectra of Cu powders in the pris-

n
t
a
p

ig. 4. Cu 2p3/2 XPS regions of reference powders: Cu2O, Cu (starting powder)
nd Cu milled with graphite.

ine condition, of a Cu–C powder mixture milled for 14.4 ks and
u2O, (for reference purposes).

The XPS spectra show that pristine copper powders are oxi-
ised (Fig. 4). The Cu 2p3/2 peak of the corresponding spectrum,
entred at 933.3 eV, is wider than the main component of the
ther spectra (full width at half maximum (FWHM) is 2.7, 1.9
nd 1.4 eV for Cu, Cu2O and Cu–C powders, respectively). In
act, this peak includes several unresolved components, namely
u2+ (CuO) at 933.2 eV [15,18], Cu+ (Cu2O) at 932.4 eV (main
omponent in Cu2O spectrum) and Cu0 (metallic Cu), which
resents a very similar binding energy to Cu2O [15]. The sec-
nd fitted component in the copper powder spectrum, centred
round 935 eV, is assigned to copper bound to hydroxyl groups.
he same form of copper is also present in the Cu2O spectrum

peak centred at 934.7 eV). At higher binding energies, between
39 and 945 eV, high energy satellite structures are found, which
re associated with Cu2+ species. The main component in the
u + graphite spectrum, centred at 932.0 eV, can be assigned to
u+ (Cu2O) and/or to Cu0 (metallic Cu) [15], but the calcu-

ated Auger Parameter (AP), AP-2p3/2, L3M45M45 = 1851.0 eV
ndicates that this peak corresponds to metallic Cu (Cu0). In the
u2O powder AP-2p3/2, L3M45M45 = 1849.5 eV is assigned to
u2O (Cu+) [15].

Fig. 5 presents the Nb 3d region of Nb and NbC powders.
he Nb 3d peak is a doublet with a 2.6 eV split. In what fol-

ows, only the binding energies of 3d5/2 will be mentioned. The
pectra show that the outermost layers of these powders are com-
osed mainly of Nb2O5, which corresponds to a peak centred
t 207.1 eV. The Nb powder spectrum also shows the peak of
etallic niobium (Nb0) at 202.4 eV and a peak at 204.5 eV that
ay correspond to NbO or niobium oxicarbides (NbC1−xOx).

n the NbC powder spectrum the peak at 203.7 eV is assigned to
b–C.
The relative intensities of Cu2+ components decrease with

illing time, while those assigned to Cu+ and/or Cu0 increase
Fig. 6). Simultaneously, the relative intensity of the compo-

ents corresponding to NbC, at 203.8 ± 0.2 eV, increases with
ime (Fig. 7). As in Nb and NbC reference powders, Nb2O5 is
lso present, with a component at 207.0 ± 0.2 eV, but in milled
owders the dominant oxide is at 206.2 ± 0.2 eV (labelled (2)
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Fig. 5. Nb 3d XPS regions of reference powders: Nb and NbC. The arrows
indicate Nb 3d5/2 components. Doublet separation (3d3/2–3d5/2) was fixed at
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Fig. 7. XPS Nb 3d region for milling times of 3.6, 7.2, 14.4, 28.8, 57.6 and
115.2 ks. For comparison purposes the spectra of reference powders are pre-
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.6 eV. Doublet intensity ratio I(Nb 3d5/2)/I(Nb 3d3/2) = 1.5. FWHM and GL
Gaussian/Lorentzian products) are the same for all the components of a XPS
egion.

n Fig. 7) which is assigned to NbO2 or NbOx with 2 < x < 2.5
15,19]. All Nb 3d regions were fitted with three doublets, corre-
ponding to NbC, NbO2 and Nb2O5, but the possibility of there
eing a fourth doublet must be considered. This doublet has its
d5/2 component centred at 204.7 eV (indicated by (1) in Fig. 7)
nd is assigned to NbO or NbOx with 1 < x < 2 and/or to the oxi-
arbides NbC1−xOx [15,16,20] as seen above for NbC reference
owders.

The XPS results were obtained by analysing the evolution of
b 3d peaks. The NbC fraction is given by the ratio between

he area of the first doublet assigned to niobium bound to car-
on (binding energy (Nb 3d5/2) = 203.8 ± 0.2 eV) and Nbtotal,

he total XPS niobium area. The quantitative of X-ray diffrac-
ion analysis was performed using the direct comparison method
21]. The fraction of NbC, fNbC, was estimated by solving the

ig. 6. XPS Cu 2p3/2 region for milling times of 3.6, 7.2, 14.4, 28.8, 57.6
nd 115.2 ks. For comparison purposes the spectra of reference powders are

resented: Cu starting powder and Cu + graphite.
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ented: (�) Nb and (�) NbC. For (1) and (2) assignments see text. The arrows
ndicate Nb 3d5/2 components.

ystem (1):

fNbC

fCu
= RCu

RNbC
× INbC

ICu
, fNbC + fCu = 1 (1)

ith

= 1

v2

[
|F |2p

(
1 + cos2 2θ

sin2 θ cos θ

)]
exp(−2M) (2)

here v is the unit cell volume, p the multiplicity factor, F
he structure factor, (1 + cos2 2θ)/(sin2 θ cos θ) the Lorentz-
olarization factor, θ the Bragg angle and exp(−2M) the
emperature factor. The values of R for NbC and Cu were
etermined taking F(Cu) = 86.4, F(NbC) = 114.8, p = 8. The
emperature factor for copper (exp(−2M) (Cu) = 0.94) and
iobium carbide (exp(−2M) (NbC) = 0.99) was calculated at
= 298 K using the Bragg angle corresponding to the (1 1 1)
iffraction peak of Cu and NbC and the tabulated values of the
haracteristic Debye temperature for copper [21] and NbC0.96
22,23]. The unit cell volume of Cu was calculated using the Cu
attice parameter determined for each powder sample, as previ-
usly reported [13]. In the case of NbC the unit cell volume was
etermined assuming the tabulated value for the lattice parame-
er of NbC, 0.44690 nm [24]. Fig. 8 presents the volume fraction
f NbC as a function of the milling time. The kinetics of NbC
ormation in the copper matrix was derived from XRD and XPS
ata. This kinetics is well described by an exponential equation
uch as

= a(1 − exp(−kt)) (3)

here x is the volume fraction transformed at time t, k is the

nergy-dependent rate constant and a is a fitting parameter.
able 1 shows the values of k and a obtained by fitting of the
xperimental data to Eq. (3).
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Table 1
Kinetics parameters obtained for the as-milled Cu powders with 10 and 20 vol.%
of NbC from XRD and XPS techniques

Sample Technique k (ks−1) a

Cu 10 vol.%
N

XPS 9.6 × 10−2 ± 0.02 0.51 ± 0.04
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bC XRD 1.6 × 10−1 ± 0.02 0.74 ± 0.03

u 20 vol.% NbC XRD 1.9 × 10−1 ± 0.01 0.88 ± 0.01

. Discussion

During the milling process powder particles are subjected
o high-energy collisions, which cause intense plastic deforma-
ion, manifested by a high density of defects such as dislocations
nd stacking faults, followed by fracture and cold welding
etween particles. Plastic deformation and cold welding pre-
ominate during the early stages of milling. Deformation leading
o changes in particle shape and cold welding to an increase
n particle size and the formation of a layered structure con-
isting of various combinations of the starting powders [25].
ig. 1 shows two important steps in the mechanical synthesis
f niobium carbide in the copper matrix. The powder particles
hown in Fig. 1(a) present a typical layered structure formed
s a result of ball milling. At this early stage of milling, just
.9 ks after the addition of Nb, the matrix (dark regions labelled
2 in Fig. 1) is already relatively even but overall the structure
s inhomogeneous. Chemical analysis performed in this area
eveals a strong Nb peak, indicating some degree of mixing of

he three components. This is more evident in Fig. 1(b), cor-
esponding to Cu powders with 20 vol.% of NbC milled for
.6 ks, in which fewer and smaller Nb particles are dispersed
n a homogeneous matrix. No Nb-rich particles are observed

ig. 8. Normalised fraction of NbC as a function of milling time for Cu 10 and
0 vol.% NbC obtained from XRD and XPS data. Symbols are experimental
ata and solid lines are the fitted exponential equation for each series of points.
PS experimental error ≤2%.
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y SEM for milling times longer than 28.8 ks. Figs. 2 and 3
how the X-ray diffractograms of samples with 10 and 20 vol.%
f NbC milled for different times. The diffractograms of the
u powder used as starting material were included for com-
arison. The presence of the two strongest Cu2O diffraction
eaks shows that the Cu powder used is oxidised; no other
ypes of Cu oxide were detected. The X-ray diffractogram
abelled Cu–C refers to a Cu + graphite powder mixture milled
or 14.4 ks. The pre-alloying step is essential because the pres-
nce of oxygen in the mixture prevents NbC formation. If the Cu
owder is excessively oxidised the product formed is NbXOY or
bXCOY instead of NbC. This occurs because niobium oxidises
ore easily than copper (�Gf(Nb2O5) = −1765 kJ mol−1 and
Gf(Cu2O) = −148 kJ mol−1 at 300 K [26]). The X-ray diffrac-

ogram shows that Cu2O diffraction peaks are absent from the
re-alloyed powder mixture (Figs. 2 and 3). The reducing effect
f carbon was confirmed by XPS. The XPS features in Fig. 4,
etween 939 and 945 eV, are characteristic of Cu2+ compounds
nd arise from a multiplet splitting effect due to the interaction
etween the 2p core hole and the 3d9 electronic configuration in
he final state of the photoemission process [20]. The spectrum of
ristine copper exhibits a strong satellite structure, in contrast to
he other spectra. This is due mostly to the superficial oxidised
ayer of the grains, composed of CuO and Cu–O–H groups.

illing with graphite for 14.4 ks almost completely removes
hese oxides, allowing niobium to interact with metallic copper
nd carbon (Fig. 4). Assignments of the multiplet structure are
eyond the scope of this work and are not presented in Fig. 4.
he subsequent addition of Nb powders to the Cu–C mixture

eads to an increasing proportion of NbC as milling proceeds.
-ray diffractograms of mixtures with the two nominal compo-

itions milled for 0.9 ks (Figs. 2 and 3) show a strong peak of
b at about 38.5 (2θ ◦) that disappears when the milling time

ncreases to 3.6 ks. The continuous increase in the proportion of
bC with milling time is demonstrated by the increase in the

elative area of the NbC peak for both nanocomposites. Similar
onclusions result from the XPS analysis. The relative intensity
f the NbC component increases with milling time, reaching a
lateau for t > 28.8 ks, while the intensity of NbO2 decreases
Fig. 9).

The relative atomic concentrations of Nb species correspond
o the components fitted in the Nb 3d regions presented in Fig. 7.
he quantitative analysis shows that the proportion of NbO2
t 3.6 ks is nearly 90%, but this decreases by ∼2/3 for longer
illing times. Concomitantly, the proportion of NbC increases,
hile the proportion of Nb2O5 remains almost constant. Even

fter 115.2 ks of milling, only about 60% of the niobium reacted
ith carbon. Regarding copper, calculation of the Auger Param-

ter for milled samples indicates that the main line in the Cu
p3/2 region, around 932 eV, can be assigned to Cu2O (Cu+).
uO, Cu–O–H and Cu2+ shake-up satellite are also present in
illed powders but in smaller amounts than in the starting pow-

er or in the 3.6 ks sample. The source of this oxygen is the

urface oxide of the starting powders.

The kinetics of the evolution of mechanically alloyed
u–NbC nanocomposites was studied by XPS and XRD. It

s well known that MA induces solid-state chemical reactions.



M.T. Marques et al. / Materials Chemistry

F
t
r

I
t
f
o
k
m
M
a
T
s
f
v
i
p
f
m
T
t
d
o
X

i
b
b
b
a
w
d
T
t
a
e
t
n
e
M

p
o
p
t
n
r
m
m
t

s
s
d
0
t
s
l
s
e
C
[
3
l
t
t
f
[
i
e
b
c
b

f
t
s
a
t
0
a
m
c
C
T
a
a
N
f
s
m
F

5

ig. 9. Relative atomic concentrations of NbC, NbO2 and Nb2O5 vs. milling
ime. The atomic concentrations correspond to the peaks fitted in the Nb 3d
egion obtained with the Al K� source.

n fact, the results presented in this work show that MA with
he experimental conditions used are a very effective method
or synthesising Cu–NbC nanocomposites in a short time with-
ut additional heat treatment. The authors have not yet found
inetics studies in the literature describing the direct in situ for-
ation of dispersion-strengthened copper alloys produced by
A without further treatments. A reasonable good fit of XPS

nd XRD experimental data to Eq. (3) was obtained (Fig. 8).
he value of the rate constant, k, is similar for both XRD data
ets (∼1.8−1 ks−1), see Table 1; however, the authors have not
ound similar data in the literature to compare and discuss this
alue. The parameter a, the maximum proportion of NbC taking
nto consideration the concentration of reactants in the control
owder mixture and the total reaction time, differs by about 16%
or the present experiments. The values of the parameters esti-
ated from XPS data are lower than those obtained from XRD.
his difference is a consequence of the different sensitivities of

hese techniques. XPS probes the outermost layer of the pow-
er particles (<10 nm) whereas XRD analyses a large volume
f material. The presence of oxides at the surface attenuates the
PS signal.
The second purpose of pre-alloying Cu and graphite powder

s directly related to NbC formation. Prior dispersion of car-
on in the copper matrix can promote and enhance the reaction
etween Nb and C to form NbC. Such dispersion is possible
ecause the solid solubility of carbon in copper is very low,
bout 7.4 ± 0.5 at. ppm at 1293 K [27]. This type of structure
as previously observed for Cu–C powders [28,29] and TiC-
ispersion-strengthened Cu alloys [8] prepared by MA. In fact,
EM analysis of Cu–C powders produced by MA [28] revealed

he presence of low mass particles corresponding to carbon
gglomerates in an amorphous state. The size of these agglom-
rates is less than 10 nm. They are uniformly distributed within

he Cu grains, showing no preference for occupying positions
ear grain boundaries. A similar feature was observed by Dehm
t al. [8] in TiC-dispersion-strengthened Cu alloys prepared by
A. Using HRTEM, the authors demonstrated that milling of

a
i
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re-alloyed CuTi with graphite powders leads to the formation
f carbon inclusions with diameters in the range 5–20 nm dis-
ersed in the Cu-rich matrix. A detailed analysis proved that
he carbon in these inclusions is amorphous or at least does
ot possess a well-defined crystalline structure. Taking these
esults into consideration, it seems reasonable to assume that the
illed Cu–graphite powder prepared in the present work has a
icrostructure consisting of carbon nanoparticles dispersed in

he copper matrix.
The addition of Nb to pre-alloyed powders can induce two

olid state reactions leading to the formation of a CuNb solid
olution and NbC, respectively. According to the Cu–Nb phase
iagram the maximum solubility of Nb in solid Cu is about
.2 at.% at 1353 K and no intermediate phases occur [30]. Never-
heless, previously published results [31,32] indicate that Cu–Nb
olubility can be extended up to 10 at.% by milling Cu and Nb at
iquid nitrogen temperature for 61.2 ks. This extension of solid
olubility leads to an abnormal increase in the Cu lattice param-
ter. However, in the present research the lattice parameter of the
u solid solution does not increase for milling times up to 28.8 ks

13]. Furthermore, a substantial amount of NbC is detected after
.6 ks of milling and its proportion increases further up to at
east 28.8 ks (Fig. 3). These findings indicate that the forma-
ion of a Cu(Nb) solid solution is not a realistic possibility. On
he other hand, the equilibrium thermodynamic data of Gibbs
ree energy for NbC formation, �Gf = −137 kJ mol−1 at 300 K
26], indicate that the reaction between C and Nb to form NbC
s thermodynamically possible even at room temperature. The
nergy required to trigger this reaction is supplied to the system
y the high-energy collisions due to the milling process, which
auses intense plastic deformation of the particles, and seems to
e sufficient to activate the reaction between C and Nb.

A possible mechanism to describe the formation of NbC is the
ollowing. According to several models proposed in the literature
o explain the kinetics of mechanical alloying [33,34], lamellar
tructures are essential for the diffusive intermixing of solute
toms in the course of MA. In the present work a lamellar struc-
ure consisting of Nb/Cu–C or Nb/Cu–NbC–C is observed after
.9 ks of milling, Fig. 1(a). These layers, of variable thickness,
re fragmented into small particles and disappear with further
illing. During the fragmentation process the Nb layers enter in

ontact with the carbon nanoparticles that are dispersed in the
u matrix and a reaction between Nb and C occurs to form NbC.
his reaction, thermodynamically favourable, probably occurs
t the interfaces between Nb layers and C nanoparticles being
ctivated by high-energy ball collisions. If this model is valid the
bC formation kinetics should depend strongly on the volume

raction of C and Nb particles in the matrix. This hypothesis is
upported by the difference between the NbC volume fraction
axima observed for powders with 10 and 20 vol.% of NbC, see
ig. 8.

. Conclusion
Cu-based nanocomposites with nominal compositions of 10
nd 20 vol.% of NbC were produced in situ by mechanical alloy-
ng at room temperature. The kinetics of NbC in situ synthesis
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n a copper matrix was studied with XRD and XPS. Results
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