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Abstract

Composite powders of tungsten carbide (WC) and iron rich binder were prepared by an innovative approach, which consists in sputtering of a

metallic binder on the tungsten carbide particles. The phase composition, microstructure and mechanical behaviour of WC coated powder

composites with binder contents from 6 to 9 wt.% were characterized. h-Phase is early formed during sintering and its effect on the mechanical

behaviour was investigated and related to the microstructure and atomic structure. The results show that the presence of h-phase has not a

hazardous role in toughness as is previewed in conventional cemented carbide. Despite the presence of h-phase, a good compromise between

toughness and hardness was attained in composites prepared from iron rich binders sputtered on WC powders.
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1. Introduction

Hard metals are commonly manufactured with tungsten

carbide (WC) and cobalt as metallic binder. Due to the unique

mechanical properties of this composite it has not been easy to

find a good substitute, in spite of the several studies with other

transition metals in the neighbourhood of cobalt, as iron or

nickel [1–6].

Fe–Cr–Ni–C alloys, as stainless steel, have been studied for

cobalt substitution [7–11]. The binder was added to WC by an

innovative way, which consists in sputtering austenitic stainless

steel on the tungsten carbide particles. The coated powders

have a good pressing behaviour, which allows the direct

pressing without the need of the usual paraffin wax [7–11].

Moreover, the nanocristallinity of these coatings, together with

the good distribution of the binder, increases the reactivity of

the powders and consequently decreases the sintering

temperature needed to attain dense specimens [9,12]. Never-

theless, binders enriched in iron induce the formation of a

brittle h-carbide M6C, which is generally considered an

undesirable phase in tungsten carbide, as it is expected to

markedly reduce the toughness, comparatively to cemented
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carbides free of this phase [13–15]. However, h-carbide was

already mentioned in 1950s as a possible raw material to

improve hardness in cemented carbide [16], but neither this

potential advantage of h-phase was further explored, nor its

negative effects in the mechanical properties have been

determined and related to the phase composition and

microstructure of the composites.

In this work, the feasibility of Fe/Ni/Cr-based alloys as

binders in cemented carbides and sputtering as an alternative to

the conventional powder mixture will be investigated. For such

purpose, the effect of the binder composition and, consequently,

of the h-phase content in the final mechanical properties will be

evaluated in composites obtained from sputter coated powders

and from a conventional mixture, used as standard.

2. Experimental

The starting powder is a fully carburized WC (H.C. Starck,

HCST-Germany) with an average particle diameter of

9.06 � 0.47 mm. Composite powders were prepared by coating

the WC particles with the metallic binder, using a modified d.c.

magnetron sputtering deposition chamber with deposition

parameters reported elsewhere [7]. Two different targets were

used; a stainless steel (SS) AISI 304 and a SS composed with a

pathwork of Ni discs (in order to increase the sputtered Ni
d.
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Table 1

Final binder elements and carbon contents.

Sample Fea

(wt.%)

Nia

(wt.%)

Cra

(wt.%)

Total

(wt.%)

Cb

(wt.%)

Ni/(Fe + Cr)

C-WC1 4.3 0.6 1.0 5.9 5.09 0.1

C-WC2 3.9 4.4 1.0 9.3 5.27 0.9

C-WC3 1.3 4.3 0.4 6.0 5.40 2.5

M-WC 7.8 2.0 2.5 12.3 – 0.2

a EPMA.
b LECO analysis.
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content of SS). A conventional mixture was also prepared with

1.5 wt.% of paraffin wax, the same WC powder and a SS

powder (Goodfellow FE226010, maximum particle size of

45 mm) by wet milling, using isopropyl alcohol in a stainless

steel mill with WC–Co balls, during 6 h. After mixing, the

mixture was dried, deagglomerated and sieved.

Two coated powders have been prepared. The first one, coated

with SS, was designated by C-WC1. After unidirectional pressing

at 190 MPa, the compacts were vacuum sintered at a maximum

temperature of 1350 8C and pressure of 20 Pa, for 1 h. The

compacts of the second powder, which was coated with SS

enriched in Ni (C-WC2), were sintered at the same pressure and

holding time, but at a higher temperature, 1500 8C. The compacts

of the conventional mixture (M-WC) were also vacuum sintered

at 1320 8C, during 3 h, at 20 Pa, and then hot isostatic pressed at

1400 8C, for 90 min, at 135 MPa, in order to reach almost full

density. Three to five sintered samples per composition were

prepared. The chemical characterization of sintered specimens

was carried out by energy dispersive spectroscopy (EDS, detector

Rontec-EDR288/SPU2) and electron microprobe analysis

(EPMA-SX50, Cameca) was complementary used. The final

carbon content of sintered specimens was evaluated by an

automatic direct combustion (LECO CS200IH). Thedensity was

determined by the Archimedes’ method, using ethilenoglycol.

The phase identification was performed by X-ray diffraction

(XRD, Rigaku PMG-VH) and the average size of h-phase

crystallites, DC, was estimated from the Scherrer equation,

DC = Kl/(b cos u), where l represents the X-ray wavelength, u
the Bragg angle, b the peak width at half-maximum corrected

for instrumental broadening, and K = 0.9. The phase quanti-

fication results from the Rietveld analysis of XRD spectra with

the aid of the GSAS suite [17]. The WC and h-phase

quantification were performed with the structure parameters

available in the bibliography for the hexagonal WC crystalline

phase [18] and the cubic h-phase Fe3W3C [19] and neglecting

the other minor phases.

The microstructure characterization was performed with

scanning electron microscopy (SEM, Hitachi-S4100) on

polished and chemically etched surfaces with Murakami’s

reagent (a solution of potassium ferricyanide (10 g) and sodium

hydroxide (10 g) in distilled water (100 ml)). The WC average

grain size was measured using the linear intercept method [20]

on the micrographs and at least 300 intercepts per sample were

used. The Fullman relation was applied to transform the two-

dimensional mean intercept in a three-dimensional mean grain

size, G [21].

The composites were mechanically characterized using

depth-sensing indentation equipment (Fischerscope H100)

[22–24]. In order to have representative average values for

the evaluated properties, 100 tests were performed in each

sample. In testing, the load is increased in steps until a nominal

load of 500 mN is reached. The number of steps used for

loading and unloading was 60 and the time between steps was

0.5 s. The first load step is always equal to 0.4 mN; for

subsequent steps, the value of the load increment between two

consecutive steps, DPi = Pi � Pi�1, is such that
ffiffiffiffiffi

Pi

p
�

ffiffiffiffiffiffiffiffiffi

Pi�1

p
is

constant. Two creep periods of 30 s were performed during the
tests: at maximum load and at the lowest load during unloading

(0.4 mN). The values of the 100 tests made in each sample were

used for the direct determination of the hardness, H, and

calculation of the Young’s modulus, E, and of the yield stress,

sy, using a reverse analysis approach [25]. For comparison with

previously reported results, hardness measurements (HV30)

were also made using a Vickers diamond indentor (293 N load).

An average of 10 measurements from randomly selected areas

of the sample was taken as the average hardness value of the

sample. The fracture toughness, KC, was also determined from

the measurements of the Palmqvist radial cracks at the corners

of Vickers hardness indentations (load, 98 N), using the

formula [26]:

KC ¼ 0:087
ffiffiffiffiffiffiffiffi

HW
p

(1)

where W = P/LT, P is the applied load and LT the total length of

cracks. The total crack length formed on the four corners of the

diamond indent was measured using an optical microscope

(Zeiss, Jenaphot 2000) at 400� magnification. The average of

10 indentation values was used for calculation.

3. Results and discussion

3.1. Chemical composition, atomic structure and

microstructure

The chemical composition of the sintered composites,

concerning Fe, Ni, Cr and C, was evaluated by EPMA and

LECO and is presented in Table 1. The composites of C-WC1

powder have a binder composition similar to SS and a total

binder amount of �6 wt.% (Table 1), assuming for the total

binder amount the addition of Fe, Ni and Cr contents, the main

constituents of the binder phase and neglecting other minor

elements, such as Mn, Si, P, S and C (representing

approximately 2 wt.% of the SS composition). The composites

of C-WC2 powder possess higher binder amount (�9 wt.%)

and Ni content (�7 times superior to C-WC1). Another

composites from coated powders (C-WC3) were also con-

sidered, in spite of their microstructure and mechanical

properties had been already reported elsewhere [10]. C-WC3

composites have the same binder amount than C-WC1

(�6 wt.%), but a much higher Ni content, Table 1. The

variation of the ratio between the elements with and without

affinity to carbon in the binder composition of hard metal was

proved to strongly limit the final phases [11]. Therefore, in the



Table 2

XRD data of sintered powders.

Sample (h/(h + WC))

(wt.%)

fcc, g bcc, a DC
a (nm)

C-WC1 17 Vestigial (+) Vestigial 26

C-WC2 5 Small (++) Not detected –

C-WC3 0 �6 wt.% Not detected –

M-WC 12 Vestigial (+) Vestigial 40

a Average size of h-phase crystallites.
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present study, the suitable variation of the ratio Ni/(Fe + Cr),

from 0.1 to 2.5, Table 1, was used to obtain differences in the

composite phase structure, namely in what concerns the

percentage of h-phase. Samples of conventional powder

mixture, with�12 wt.% of SS (Table 1) were also investigated.

The reactive sintering of the WC powders coated with SS

was already systematically investigated [9,12], highlighting the

higher sinterability and reactivity of the coated powders when

compared with conventional mixed ones. The higher sinter-

ability enables the achievement of near full densification in

coated powders vacuum sintered, ensuring that weight losses

are controlled [12]. Therefore, C-WC1 reached �99% of

relative density at 1350 8C, 1 h, whereas an equivalent

densification was also attained for C-WC2, at a higher

temperature of 1500 8C. The increase of Ni in the binder

composition of C-WC2 obliges to increase the sintering

temperature, related to the highest eutectic temperature and to

the reported lower solubility of W/C in Ni rich binders [27].

After sintering, the conventional powder mixture reached only

a relative density of 90% during vacuum sintering and it was

requested to be subsequently hot isostatic pressed for further

densification. This was also the case of the C-WC3 compacts,

due to the high Ni percentage in the binder [10].

The XRD spectra of the C-WC1, C-WC2 and M-WC

sintered samples, Fig. 1, show three different phases: WC, h-

phase (M6C) and an austenite enriched in Cr and Ni. A vestigial

ferrite phase is yet detectable for C-WC1 and M-WC samples,

Table 2, which is not visible in the low magnification spectra of

Fig. 1. Both austenite and ferrite phases are present in very

small amounts in these compacts, due to the significant h-phase

formation during sintering [10]. Therefore, in the quantification

of the h-phase amount by the Rietveld method [17], they could

be neglected. The C-WC3 composite does not present h-phase,

only WC and metallic (Me) phase were detected [10].

The results of the h-phase quantification are presented in

Table 2. The C-WC1 composite has the highest amount, 17 wt.%,

which is significantly reduced for C-WC2, 5 wt.%, and not

detectable for C-WC3 (Table 2). This decrease of h-phase,

relatively to C-WC1, is related, as previously refereed, to the

increase of the Ni/(Fe + Cr) ratio in the binder composition [11].

This increase displaces and enlarges the favourable region of

WC + Me to carbon amounts close to the WC stoichiometric

carbon [28]. Although some decarburization has occurred during
Fig. 1. XRD diffraction profiles of C-WC1, C-WC2 and M-WC samples.
sintering (as it is highlighted by the final carbon content of C-

WC1 (Table 1), that is smaller than the estimated one (5.7 wt.%),

assuming only the WC and binder phases), the C-WC3 sample

has a high enough Ni/(Fe + Cr) ratio to place the final

composition in the WC + Me region. M-WC also presents

�12 wt.% of h-phase (Table 2). In spite of the low SS binder

amount in C-WC1, the M6C content is higher than in M-WC due

to the increased reactivity of coated powders, comparatively with

conventional mixed powders [9,11]. For this reason, the influence

of comparable h-phase contents on the final mechanical

properties could not be achieved with similar binder content

in coated powders and conventional mixtures.

The microstructure of C-WC1 sintered sample is presented in

Fig. 2(a), where, after a short etching with Murakami’s, two

different phases are distinguished. The major gray phase is

attributed to WC and the other phase is mainly h-phase.

However, a darker gray colour is observed around the contours of

WC grains, which may correspond to the binder phase. The h-

phase seems well adapted to the WC grains because the vestigial

binder phase, that is viscous at sintering temperatures, spreads

between WC and h-phase. This observation was already reported

by Jia et al. [29] that also detected a binder film between WC and

h grains in the three-phase region of WC–Co system. A

preliminary EDS analysis was performed in the points indicated

in Fig. 2(a) and is listed in Table 3. The elements detected and the

atomic content confirm the presence of the (M,W)6C phasewith a

stoichiometry (Fe2.3Ni0.3)(Cr0.6W2.8)C. The chemical composi-

tion of this phase was also confirmed by EPMA and remains

constant, within the experimental error, for different sintering

temperatures and SS binder contents, as already reported [11].

The microstructure of the sample C-WC2 is presented in

Fig. 2(b). Among the WC grains the two secondary phases can be

distinguished: a darker phase surrounding the WC grains (binder

phase) and whiter areas (h-phase). For comparison, the

microstructure without h-phase (C-WC3) is also shown in

Fig. 2(c), where it can be observed that the WC grain morphology

is quite different from the others (C-WC1 and C-WC2): rounded

for C-WC1 and C-WC2 and angular for the enriched Ni binder

composite (C-WC3). Several authors [30,31] have already
Table 3

EDS analysis performed on C-WC1 sample (atomic percentages).

Point W Fe Cr Ni

A 43.0 40.1 10.6 6.3

B 44.6 39.1 11.0 5.3

C 49.2 35.7 9.7 5.4



Fig. 2. SEM micrographs of (a) C-WC1, (b) C-WC2, (c) C-WC3, and (d) M-WC samples.
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reported that the growth rate and the morphology of the WC

interfaces change with the binder composition. Accordingly, the

WC grains appear slightly rounded when the binder is enriched in

W. The solubility of W in Ni and Fe at 1350 8C was reported to be

5 and 9 wt.%, respectively [27]. Therefore, rounded WC grains

are expected for iron rich binders, as in C-WC1 and C-WC2. The

microstructure of M-WC is similar to C-WC1 and C-WC2

(Fig. 2(d)). The average grain size, presented in Table 4, is similar

for the different composites, showing a slight trend to increase for

the Ni enriched compositions that were sintered at higher

temperatures.

The X-ray maps of elements are shown in Fig. 3, for the C-

WC1 composite. Fe and Cr are concentrated around the WC

grains, in the regions correspondent to the h-phase and to the

vestigial Me phase. Ni is present in lower quantity than Fe and

Cr (see Table 1) and seems to be well dispersed either in the

secondary phases or in the WC matrix grains (the solubilization

of some Ni in the WC grains was already suggested in relation

with the mechanical properties, in a previous work [10]).

Moreover, the W X-ray map shows a marked reduction of

intensity in the (M,W)6 regions, where taking the EDS/EPMA

analysis, Table 3, a significant fraction of this element must be

present. This effect suggests that the h-phase must be finely
Table 4

Physical and mechanical characteristics of composites prepared from coated powd

Samples Density (g cm�3) Ḡ (mm) E (GPa)

C-WC1 14.0 3.0 545 � 6

C-WC2 13.5 3.5 495 � 11

C-WC3 14.8 4.3 520 � 9

M-WC 12.8 3.0 –

a Fracture toughness determined from measurements of the Palmqvist radial cra
divided to give a weaker signal for W, than the presumed one.

The average size of h-phase crystallites, DC, estimated from the

Scherrer equation, is very small for the sample C-WC1,

�26 nm, comparatively with the sample M-WC with �40 nm

(Table 2), a value near of the measurable limits. The DC value of

C-WC2 cannot be properly calculated due to the small peak

intensity of h-phase.

3.2. Mechanical characterization

The mechanical characteristics of the composites are

presented in Table 4. The Young’s modulus, E, follows the

expected trend, decreasing with the increase of the binder

content for all the tested samples. The yield strength, sy, is

lower for the samples with higher Ni content, C-WC2 and C-

WC3. As previously reported [10], enhanced Ni diffusion to

WC in sputtered powders can be responsible for the observed

decrease of the mechanical properties.

The hardness determined by depth-sensing, H (Table 4)

shows decreasing values with the increase of the binder and Ni

amount in the composition, Table 1. Therefore, the lowest value

is observed for C-WC2 with simultaneously high Ni, 4.4 wt.%,

and binder amount, 9.3 wt.%. The values of HV30, Table 4, are
ers and conventional mixture.

sy (GPa) H (GPa) HV30 KC
a (MPa m1/2)

6.07 21.3 � 0.4 1840 � 70 9.7 � 1.1

4.07 15.0 � 0.5 1400 � 80 12.8 � 1.2

4.01 16.5 � 0.4 1570 � 90 9.8 � 0.4

– – 1330 � 50 12.5 � 1.8

cks.



Fig. 3. SEM-SE micrograph of C-WC1 sample and respective X-ray maps of elements.
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not comparable with those of H, due to the very different testing

loads (see Section 2) but the same trend is observed. Toughness

measurements show higher values related to increasing binder

amounts (Table 4). The values for C-WC2 and M-WC are

similar, within the experimental error, although the conven-

tionally prepared sample, M-WC, possesses a larger binder

percentage, without presenting significant difference on the

average WC grain size, Table 4.

In Fig. 4(a) and (b) the representation of fracture toughness,

KC, vs. HV30 was chosen to further analyse the effect of the

composition and processing conditions on the mechanical

behaviour of the tungsten carbide composites here developed

and to compare the measured values with results for WC–Co

and WC–SS composites, reported in the bibliography [32,33]

and compiled in Table 5. In Fig. 4(a) three groups of cemented

carbide, within medium/coarse range, were distinguished:

WC–Co composites (from 6 to 15 wt.% Co) with the lowest
values of KC for the same hardness [32]; WC–SS composites

from the bibliography [33] together with M-WC, all

conventionally prepared, with intermediate values of KC for

equivalent hardness; finally, the results for composites from

coated powders, presenting the highest relation between KC and

HV30, were grouped, despite the differences in their binder

compositions. The decrease of KC with hardness was foresee-

able for the three groups of composites: the harder a material

more brittle it is. However, the relation between hardness and

toughness is higher for the composites with SS binder when

compared with the ones with Co, all using conventionally

prepared powders. Therefore, in terms of the considered

properties, the already reported advantages of SS for Co

substitution [33,34], is here reinforced. It may also be noted that

the point correspondent to M-WC support very well those from

literature, despite the fact that this composite possesses a very

significant amount of h-phase, �12 wt.%, whereas those from



Fig. 4. Variation of KC with Vickers hardness for hardmetals with different

binder compositions (the numbers indicate the binder amount (wt.%)): (a) effect

of composition and processing method for medium/coarse grain sizes

(Ḡ> 2 mm); (b) effect of composition and grain size.
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literature are reported to be free of h-phase [33]. Moreover, the

composites from coated powders show yet higher values of KC

for the same hardness, when compared with the conventionally

prepared composites, in Fig. 4(a). A higher uniformity of the

binder distribution was already shown to persist, even after

sintering, in the composites from coated powders [10].

Additionally, the smaller crystallite size of the second phases

formed from the sputtered binder during sintering, Table 2,

contributes also for the higher toughness. The grain size should

be reduced to a range of submicron size to attain KC and HV30
Table 5

Literature results for WC composites using stainless steel (SS) and cobalt (Co)

binders.

Binder (wt.%) Ḡ (mm) HV30 KC (MPa m1/2) Ref.

6 Co 2.2 1600 8.8 [32]

10 Co 2.2 1300 11 [32]

15 Co 2.2 1150 14 [32]

6 Co 0.7 2150 8.8 [32]

10 Co 0.7 2000 8.8 [32]

15 Co 0.7 1850 10.9 [32]

6 SS 4.1 1458 10.6 [33]

9 SS 4.5 1398 11.4 [33]

12 SS 5.1 1300 12.9 [33]
values similar to C-WC1 in WC/Co cemented carbides, as

shown in Fig. 4(b).

Regarding the effect of the h-phase on the reported

mechanical properties of the coated powders, the reduction of

the M6C phase from �17 wt.% in C-WC1 to non-detectable

values (<2 wt.%) in C-WC3, with the total binder content

constant, had a clear reduction of hardness without any benefit

of toughness, Fig. 4(a) and Table 2. Some authors [34,35] have

already stated that h-phase enhances hardness and abrasion

resistance in WC composites with ultrafine grains. In fact, the

binder phase of C-WC1 sample is vestigial, so the most

representative region is WC + M6C phases, which could

explain the high hardness. Furthermore, a high toughness (KC)

was attained in the C-WC2 composite, although it was

estimated to have �5 wt.% of h-phase. However, the

toughness was expected to degrade with the substitution of

the ductile binder phase by the brittle h-phase [14,15], but this

effect was not here observed. Phase composition and

microstructure suggested that the studied composites have

different contributions, resulting from the presence of the

previous coating on powders, such as: (i) spreading of the

ductile binder phase into the WC and M6C junctions, Fig. 2,

due to its good wettability at the sintering temperatures, and

favoured by the high uniform distribution in the coated

powders; (ii) the nanocrystalline size of h-phase, Table 2, and

the fine dispersion of the h-phase, Fig. 3. These aspects need,

however, further investigation to be confirmed, namely using

TEM analysis in forthcoming studies.

Therefore, the WC coated powders with iron rich binders are

interesting to prepare cemented carbide that requires high

hardness, using small amounts of coating binder. Besides, the

relative high cost of the coated powders production can be

balanced with the manufacturing cost reduction, coming from

the elimination of the milling and dewaxed steps and the

decreasing of sintering temperatures, without the need of HIP to

obtain complete dense compacts. The use of coarse grain sizes

is also an economical benefit, since equivalent properties to the

ultrafines ones were obtained, reducing the milling time and

energy.

4. Conclusions

The composites of WC powders coated by sputtering with

SS or Ni enriched SS binders show a good compromise between

toughness and hardness, better than composites of similar

composition and grain size, conventionally prepared.

The h-phase formed in these composites increases the

hardness without loss of toughness, which was attributed to

specific microstructural and structural characteristics, as the

spreading of the ductile binder phase in the WC/h-phase

junctions and the nanocrystalline structure and fine dispersion

of the formed h-phase.

SS binders are promising substitutes for Co, taking into

account the relation between toughness and hardness. Superior

values for these properties were found mainly in composites

prepared from coating powders with nanocristalline iron

enriched coatings, making these composites attractive for
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applications where high hardness and moderate toughness are

the targets.
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