
Structural and thermodynamic properties of nanocrystalline
Cr3C2–25(Ni20Cr) composite powders produced by high-energy
ball milling

Cecı́lio A. Cunha1
• Olandir V. Correa1

• Issac J. Sayeg2
• Nelson B. Lima1

•

Lalgudi V. Ramanathan1

Received: 9 October 2015 / Accepted: 19 July 2016 / Published online: 26 July 2016
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Abstract Nanostructured coatings have been used to pro-

tect components exposed to severe service conditions. High

energy milling is widely used to produce nanocrystalline

feedstock of coating materials such as chromium carbide

and tungsten carbide. This paper presents the structural and

thermodynamic properties of Cr3C2–25(Ni20Cr) powders

that were high energy milled for different times. During the

high energy milling of Cr3C2–25(Ni20Cr) powder, severe

plastic deformation takes place. A small part of the energy

spent in this process is stored in the crystal lattice as

deformation energy. The crystallite size and microstrain in

nanocrystalline Cr3C2–25(Ni20Cr) powders milled for

different times were determined by X-ray diffraction

measurements. Differential scanning calorimetric (DSC)

studies of the milled powders revealed a broad transfor-

mation, characteristic of a large exothermic reaction in the

nanostructured powder. The enthalpy variation measured

by DSC permitted determination of the deformation energy

stored in the Cr3C2–25(Ni20Cr) powders milled for dif-

ferent times. These measurements also enabled calculation

of the specific heat variation of the milled powders.

Keywords Cr3C2–25(Ni20Cr) � Crystallite size �
Microstrain � Thermodynamic properties

Introduction

The pioneering work of Benjamin [1], Benjamin and Volin

[2], and Gilman and Benjamin [3] that established the

process which became globally known as ‘‘Mechanical

Alloying’’, has been considerably improved during the last

three decades. In this process, carried out by high energy

milling, extensive cold work produces a high degree of

microstructural refinement and this results in nanocrys-

talline or non-equilibrium structures [4–7]. In recent years,

interest in coatings prepared with nanostructured materials

has increased significantly, as these coatings exhibit higher

hardness and strength compared with those coatings pre-

pared with conventional materials [1–15]. The improved

properties of nanostructured materials are related to the

very small grain (or crystallite) size and to the high volume

fraction of grain boundaries and interfaces [5, 7, 16, 17]. It

is widely accepted that in materials with very small crys-

tallite size (B30 nm), a large proportion of the atoms are at

grain and/or interface boundaries compared to those within

the grain [5, 16–20]. Several methods have been used to

synthesize nanostructured materials, and these include

cryogenic processes as well [4–11, 19–30]. Chromium

carbide or other carbide-based powders for use as feedstock

to produce nanostructured coatings are often prepared by

high energy milling [4–7, 9–11, 20–27].1 Many chromium

carbide-based coatings are in use, and these usually contain
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a metallic binder phase like NiCr, with Cr in the range of

10–30 %.

This paper presents the structural and thermodynamic

properties of nanocrystalline Cr3C2–25(Ni20Cr) powders

prepared by high-energy ball milling for different times. It

is well known that when metals are submitted to severe

plastic deformation, as in high-energy ball milling, most of

the mechanical energy is converted into heat, but a small

portion of the energy is retained in the crystal lattice as

‘‘deformation energy’’ [31]. Cotteril and Mould [32]

reported that the retained energy represents the energy of

disorder produced by deformation (‘‘the driving force for

recovery and recrystallization processes’’). In high energy

milled Cr3C2–25(Ni20Cr) powder, the deformation energy

is stored mainly in the Ni20Cr solid solution, and it can be

determined from enthalpy variation of the powder milled

for different times. Taking into account that the microstrain

introduced in the crystalline structure by the high-energy

milling process contributes to lattice deformation, deter-

mination of the ‘‘deformation energy’’ stored in the crystal

lattice, that is, the enthalpy variation, also permits calcu-

lation of specific heat variation of the Ni20Cr solid solution

as a function of milling time.

Methods and materials

A high-energy ball-milling device (ZOZ) was used to mill

Cr3C2–25(Ni20Cr) powders. The stainless steel vessel of

this mill had an approximate volume of 2000 cm3. Chro-

mium steel balls 4.7 mm in diameter were used with gas-

eous nitrogen as the milling medium. The main powder

milling parameters were 400 rpm, ball-to-powder ratio

10:1 (1 kg of steel balls were used for 100 g of powder to

be milled) and milling times 2, 4, 8, 16, 20, 24, 32 and

64 h. Further details about powder preparation and powder

characteristics can be found elsewhere [9–11].

The crystallite size of the milled powders as well as the

microstrain at the atomic level in the crystal lattice was

determined by X-ray diffraction analyses [33–36]. This

was carried out using the Rietveld method for lattice

refinement [37–40]. The mean crystallite size as a function

of milling time, as well as the microstrain (%) in the crystal

lattice as a function of the crystallite size, was determined

using the ‘‘Linear Fitting’’ approach, the details of which

can be found in other studies [5, 33–36]. A transmission

electron microscope, model JEM-2100, was used to study

the microstructure of the binder phase in the milled pow-

ders and to evaluate the crystallite size. The latter was done

to compare with that determined by X-ray diffraction

analysis. Differential scanning calorimetric (DSC) mea-

surements of powders milled for different times were taken

with a DSC-50 (Shimadzu) equipment, in which *40 mg

samples and a flux of pure argon at 30 l min-1 were used.

The heating rate was 10 �C min-1, and the temperature

range 22–500 �C. To maintain consistency, the different

parameters were plotted as a function of the reciprocal of

crystallite size, based on the suggestion of Hellstern et al.

[20]. They supported this approach on the basis that the

ratio of atoms close to grain boundaries to those within the

crystal is proportional to 1/D. Further, they observed that

milling time provides only an arbitrary scale for evaluation

of material properties, because milling time depends on

process parameters, such as type, material and size of the

vessel, size and material of the balls, ball-to-powder ratio.

Results and discussion

Crystallite size and microstrain

The X-ray diffractograms of the ‘‘as-received’’ powders,

and the powders milled for different times are shown in

Fig. 1. Evidence of structural changes in the milled pow-

ders can be observed from broadening of the X-ray

diffraction peaks.

The mean crystallite size of the Cr3C2–25(Ni20Cr)

powders as a function of milling time and the microstrain

(%) at the atomic level produced in the crystal lattice by

severe plastic deformation are shown in Fig. 2a, b. These

two parameters, crystallite size and microstrain were

determined using the linear fitting approach [5, 33–36],

represented by Eq. (1),

D 2hð Þ cos h ¼ 2e sin hþ 0:9k=D ð1Þ

where D is the crystallite size, e is the microstrain, k is the

wavelength (Cu target, k = 1.54 A), D(2h) is the full width

at half maximum (FWHM), and h is the diffraction angle.
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Fig. 1 X-ray diffractograms of Cr3C2–25(Ni20Cr) powders in the

‘‘as-received’’ condition and after milling for different times
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Five peaks (2h = 44.2; 51.5; 75.9; 92.4; 97.8) corre-

sponding to the NiCr alloy in the spectrums were used to

calculate the full width at half maximum (FWHM).

Figure 2a shows that as milling time increased the

crystallite size decreased [5–7, 9–11, 20–26]. This fig-

ure also shows that in the initial stages of ball milling,

crystallite size decreased rapidly to \50 nm and further

decrease in crystallite size to *10 nm occurred slowly.

Transmission electron microscopy enabled direct observa-

tion of the crystallite size and other microstructural features

in the nanostructured powders. Figure 3a, b shows bright

field transmission electron micrographs of nanostructured

powders milled for 8 and 64 h, respectively. The mean

crystallite sizes observed by TEM were in good agreement

with those determined by X-ray diffraction analyses. Fig-

ure 3c shows two edge dislocations in the microstructure of

the matrix phase of Cr3C2–25(Ni20Cr) powder milled for

64 h, as well as the distortion produced in the crystal lattice

close to these dislocations.

As shown in Fig. 2b, deformation of the crystal lattice

during the milling process causes an increase in microstrain

at the atomic level with a maximum of 1.17 % in samples

which had mean crystallite size of 28 nm—that is, in

powder milled for 16 h. As reported in other studies

[5, 20], formation of a nanocrystalline structure is

considered to originate from development of dislocation

cell structures inside shear bands. According to this

mechanism, referred to as ‘‘dislocation cell evolution,’’

they affirmed that during mechanical milling, the powder

particles are continuously deformed by impact loads, the

direction of which changes randomly during the milling

process. This random cyclic loading and consequent

deformation of the crystalline lattice suggests establish-

ment of a strain fatigue process or a low cycle fatigue

process [5, 20]. However, the work of Plumtree and Pawlus

[41], who worked with aluminum samples, reported that

the primary characteristic of the deformed microstructure

caused by a conventional strain fatigue process is due to

development of dislocation cells. They however did not

observe grain refinement, and accordingly, their results

suggest that the development of dislocation cells during the

conventional fatigue process does not promote refinement

of the microstructure. However, as mentioned elsewhere

[5, 20], there are probably significant differences in loading

characteristics (amplitude and number of cycles) between

conventional strain fatigue processes and high energy

milling. On the basis of this, it is reasonable to state that the

central hypothesis is still valid. That is, a possible corre-

lation exists between the dislocation cell mechanism and

the formation of nanocrystalline structure during high

energy milling.

The increase in microstrain to a maximum, followed by

its decrease with further reduction in crystallite size beyond

28 nm indicates existence of a critical crystallite size,

which could be represented as follow:

oe=o 1=Dð Þ ¼ 0 ) emax ¼ 1:17 % and

D ¼ DCRIT ¼ 28 nm

The microstrain at the atomic level is related to dislo-

cation density in the material and stability of the disloca-

tion structure. As the material approaches the critical

crystallite size, the dislocation structure in it becomes

unstable, favoring its dissociation into partial dislocations

(Shockley partials), which are known to be more

stable than the dislocations from which they originated.

Consequently, there is a reduction in the strain energy, and

this in turn reduces the microstrain (%) at the atomic level.

qdislocations emaxð Þ ) Dissociation of dislocations: a=2ð110Þ
�\a=6ð211Þ

a=6ð12�1Þ
)# Edef )# eð%Þ

At grain sizes of the order of the critical crystallite size

(28 nm in this investigation) a large number of the atoms

present in the material are at grain boundaries

[5, 16, 19, 20, 42, 43]. It is well known that in the final

stages of deformation, the dislocations migrate to the grain

boundary leaving the interior of the grains almost free of
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Fig. 2 a Mean crystallite size and b microstrain (%) of the

nanostructured Cr3C2–25(Ni20Cr) powders
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dislocations. On the basis of observations made by

Wolf et al. [44], our results suggest that after attaining the

critical crystallite size, the influence of the grain bound-

aries becomes more significant in the deformation process

than the mechanism of slipping dislocations. This phe-

nomenon is usually mentioned as the inverted Hall–Petch

effect. The change in the behavior of the Hall–Petch effect

for a specific critical crystallite size, typically in the range

of 20–30 nm, observed in some experiments, is considered

to be related to change in the dominant deformation

mechanism, i.e., from a mechanism based on dislocation

processes to a mechanism controlled by processes existent

at the grain boundaries (‘‘grain boundary sliding’’). Under

these circumstances, i.e., when the material’s crystallite

size nears the critical value, the activity of the dislocations

inside the grains starts to cease due to the reduced crys-

tallite size. This fact is not only related to the occurrence of

the inverted Hall–Petch effect, but it also permits expla-

nation of this effect (i.e., under these conditions, the

‘‘dislocation pile-up’’ effect almost seizes) [45].

Enthalpy and specific heat variation

As for the energy stored in the crystal lattice, DSC analyses

of the nanostructured powders revealed a broad

transformation in the temperature range *120 to

*450 �C, indicating that a large exothermic reaction

occurred in the powders. The DSC analysis curves of the

powders milled for 2, 4, 8, 16, 20, 24, 32 and 64 h were

quite similar, and Fig. 4 shows the curve for the powder

milled for 16 h.

Data extracted from the different DSC curves were used

to plot enthalpy variation and energy peak height as a

function of the reciprocal of crystallite size (which is

related to milling time). These plots are shown in Fig. 5a,

b. These figures clearly show that enthalpy variation indeed

reached a maximum in powders milled for 16 h, and the

heat released from the exothermic reaction was of the order

of 3025 mJ. Similar observations were made with regard to

the energy peak height of the powders milled for 16 h,

which reached a maximum value of 2.78 mW. The

explanation for decrease in these two parameters with

increase in milling time beyond 16 h is the same as that

suggested above to explain the reduction in microstrain at

the atomic level. That is, with reduction in strain energy,

there is a reduction in ‘‘deformation energy’’ stored in the

crystal lattice, which causes reduction in enthalpy variation

and energy peak height.

Regarding calculation of specific heat variation, it is

worth mentioning that when pressure is constant (basic

Fig. 3 TEM bright field image showing: a nanosized grains in Cr3C2–25(Ni20Cr) powder milled for 8 h; b nanosized grains in Cr3C2–

25(Ni20Cr) powder milled for 64 h; c dislocations in the microstructure of Cr3C2–25(Ni20Cr) powder milled for 64 h—the arrows indicate two

edge dislocations of different signs, i.e., had these dislocations been in the same slip plane they would annihilate one another under the action of

an external force. Note the distortion produced in the crystal lattice close to these dislocations
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condition for tests performed in DSC equipment [46])

dQ = d(DH). This permits determination of the variation

in specific heat of the material, which is related to plastic

deformation introduced in the crystal lattice. The well-

known Eq. (2) relates heat given off or absorbed during a

reaction and the specific heat.

Q ¼ mCpDT ð2Þ

This can be rewritten as

DCp ¼ DHð Þ=mDT ð3Þ

Since the values on the right side of Eq. (3) are known

for the different powder milling conditions, the specific

heat variation of powders milled for different times could

be calculated. The specific heat variation as a function of

the reciprocal of crystallite size is shown in Fig. 6. Once

again, it can be noted that the maximum variation occurred

for powder with crystallite size of 28 nm (that is, powders

milled for 16 h).

Conclusions

In the present study, we observed structural changes in

high-energy ball-milled Cr3C2–25(Ni20Cr) powders, and

evidence for this was seen as broadening of the X-ray

diffraction peaks. Further, high energy milling decreased

the crystallite size of the powders to around 10 nm, and no

further decrease was observed even after longer milling

times. Severe plastic deformation introduced in the crystal

lattice of the milled Cr3C2–25(Ni20Cr) powders increased

the microstrain at the atomic level. This microstrain

increased to a maximum in powders milled for 16 h

(emax = 1, 17 %) and then decreased in powders milled for

longer times. The crystallite size of the powder milled for
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Fig. 4 DSC analysis of Cr3C2–25(Ni20Cr) powder milled for 16 h.

Note the broad transformation in the temperature range *120 to
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16 h was 28 nm, indicating this to be the critical crystallite

size. The theoretical explanation for our observation

regarding lattice strain increasing to a maximum and then

decreasing with further deformation is that upon reaching

the critical crystallite size, the dislocation structure

becomes unstable, which causes the dislocations to disso-

ciate and migrate to the grain boundaries leaving the

interior of the grain almost free of dislocations. Thus,

‘‘grain boundary sliding’’ becomes the prevalent mecha-

nism, which is in good agreement with the results of our

experiments. Under these conditions, that is near the crit-

ical crystallite size, the physical properties of the material

are strongly influenced by the grain boundaries, given that

a large amount of the atoms present in the material are at

the grain and interface boundaries.

Regarding the energy stored in the crystal lattice, due to

severe plastic deformation, the heat release observed in our

DSC tests revealed a broad transformation, characteristic of

a large exothermic reaction. The enthalpy variation mea-

sured in the DSC tests permitted determination of the

deformation energy stored in the Cr3C2–25(Ni20Cr) pow-

ders milled for different times. The maximum enthalpy

variation measured in the DSC tests was in powders with

crystallite size of around 28 nm, and the energy released

was of the order of 3025 mJ. These measurements also

enabled calculation of the specific heat variation (DCp) of

the milled powders.
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