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Abs tract

A com bi na tion of the Elec tron Back scat ter Dif frac tion
(EBSD) and X-ray dif frac tion (XRD) was used for the in -
ves ti ga tion of the microstructural prop er ties of hard met als. 
A set of spec i mens con tain ing hex-WC and fcc-Ti(C,N) as
hard phases and Co (and Ni) as a binder was pre pared by
vary ing the WC / Ti(C,N) ra tio. Due to the com bi na tion of
a good spa tial and an gu lar res o lu tion, the EBSD tech nique
yields unique in for ma tion on the ori en ta tion of in di vid ual
crys tal lites, on the grain/subgrain mor phol ogy, on the grain 
size dis tri bu tion, on the misorientation of the grain bound -
aries, and on the char ac ter of the grain bound aries (GBs)
dis tri bu tions for each in di vid ual hard phase pres ent in the
sam ple. Ow ing to its ex cel lent res o lu tion in re cip ro cal
space, the XRD re vealed the dis tri bu tion of the lat tice pa -
ram e ters in the fcc hard-phase grains, from which the com -
po si tion gra di ents in the hard phases were cal cu lated us ing
an ap pro pri ate microstructure model. This microstructure
model was built with the aid of the re sults ob tained from
the SEM/EBSD and SEM/EDX in ves ti ga tions.

In tro ducti on

Tung sten car bide and the ce ramic–metal com pos ites based
hard met als are ex ten sively used, be cause of their unique
me chan i cal, chem i cal and phys i cal prop er ties, as var i ous
kinds of cut ting, bor ing and drill ing tools. The in flu ences
of the com po si tion, var i ous ad di tions, ini tial pow der ma te -
rial char ac ter is tics, as well as the pa ram e ters of the
sintering pro cess on the me chan i cal prop er ties of hard met -
als are well de scribed in lit er a ture. A com pre hen sive re -
view about the cor re la tion be tween the micro structure and
prop er ties of WC/Co hard met als was re cently pub lished
by Roe buck [1], who has shown how the size of WC grains
and the Co con tents in flu ence var i ous ma te ri als prop er ties,
such as, for ex am ple, hard ness. The av er age grain size and
the grain size dis tri bu tion are the most fre quently in ves ti -
gated microstructure pa ram e ters in hard met als, see, e.g.
[2–4]. In ce ramic–metal com pos ites, the phase com po si -
tion, the size and mor phol ogy of grains, the lo cal chem i cal
com po si tion and/or the lo cal com po si tion gra di ents are
typ i cally the sub jects of microstructural stud ies, see, e.g.
[5–9]. The ad van tages and dis ad van tages of the ex per i -
men tal meth ods that are typ i cally used for microstructural
anal y sis of hard met als and ce ramic–metal com pos ites, i.e.
the op ti cal mi cros copy, X-ray dif frac tion (XRD), scan ning
elec tron mi cros copy (SEM) with back-scat tered elec trons

(BSE), scan ning trans mis sion elec tron mi cros copy
(STEM) with the elec tron en ergy loss spec tros copy
(EELS), sec ond ary ion mass spec trom e try (SIMS), Au ger
elec tron spec tros copy (AES) and the atom probe field ion
mi cros copy (APFIM), were dis cussed in a re view pa per by
Roe buck and Gee [10], who have shown that par tic u larly
the de ter mi na tion of com po si tion gra di ents in ma te ri als

with grain sizes be low 1 mm is a dif fi cult task. Houska [11,
12] had shown that XRD is an ap pro pri ate method for anal -
y sis of com po si tion gra di ents in sol ids. The anal y sis of
com po si tion gra di ents us ing XRD ex ploits a very high res -
o lu tion of XRD in the re cip ro cal space, which al lows small
dif fer ences in the interplanar spac ings to be dis tin guished
with a high pre ci sion. For ma te ri als in which the de pend -
ence of the interplanar spac ing on the chem i cal com po si -
tion is known, the com po si tion gra di ents can be de ter mined 
from the dis tri bu tion of the interplanar spac ings with the
aid of an ap pro pri ate microstructure model, which takes
into ac count the size and shape of in di vid ual grains. In or -
der to cre ate and to re fine the microstructure model of the
com pos ite ma te ri als with the grain size in mi crom e ter and
sub-mi crom e ter range, we used a com bi na tion of XRD and
SEM/EBSD and SEM/EDX as sug gested in [18]. The
microstructure model of ce ramic–metal com pos ites de -
scribes lat eral dis tri bu tion of lat tice pa ram e ters as sum ing a
cer tain dis tri bu tion of el e ments in hard fcc phase grains,
from which the com po si tion gra di ents on mi cro scopic
scale are con cluded [18]. 

In the re cent pa per we fo cused on study of micro -
structural pa ram e ters of hard met als con tain ing var i ous
frac tions of WC and Ti(C,N) as hard phases and Co (and
Ni) as a binder phases us ing the X-ray dif frac tion and
SEM/EBSD. The EBSD anal y sis yielded unique in for ma -
tion on the ori en ta tion of in di vid ual crys tal lites, on the
grain mor phol ogy, on the grain size dis tri bu tion, on the
misorientation of the grain bound aries, and on the char ac ter 
of the grain bound aries (GBs) dis tri bu tions of both, the
hex-WC and the fcc-Ti(C,N) based phases in di vid u ally.
The XRD re vealed the phase com po si tion, microstrain,
crys tal lite size and lat tice pa ram e ters of the WC phase.
More over, it yielded the dis tri bu tion of the lat tice pa ram e -
ters in the fcc Ti(C,N) based hard phase grains, from which
the com po si tion gra di ents in the hard phases were cal cu -
lated us ing the microstructure model con structed with aid
of re sults of the lo cal SEM/EDX and SEM/EBSD anal y sis. 

Sam ple pre pa rati on

A set of spec i mens con tain ing hard WC and Ti(C,N) and
soft binder (Co, Ni) phases in dif fer ent pro por tions was
pre pared. The ini tial phase com po si tion of pow ders mix -
tures (in mass %) is given in Ta ble 1. The milled pow ders
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were mixed, pressed, de-waxed and pre-sintered. Fi nally,
the spec i mens were sintered for 30 min utes at 1480°C in the 
ni tro gen at mo sphere. More de tails about the sam ple pro -
duc tion can be found else where [13].

Ex pe ri men tal

Since the EBSD tech nique is a highly sur face sen si tive
method (the mea sured in for ma tion co mes from the depth of
sev eral tenths of nano metres) the sam ple sur face prep a ra -
tion is a very crit i cal is sue. Par tic u larly, the sam ple re gions,
which are strained and/or dis turbed by the spec i men cut -
ting, have to be re moved. The sam ple prep a ra tion pro ce -
dure fol lowed the next steps. At first, the sam ples were cut,
then me chan i cally ground us ing sil i con car bide grind ing

plates with de creas ing rough ness and pol ished us ing 6 mm,

3 mm and 1 mm di a mond paste. Sam ples con tain ing higher
amount of the Ti(C,N) phase were fi nally pol ished us ing the 

0.02 mm OP-AN (Struers). The EBSD in ves ti ga tions were
per formed pri mar ily in the cen tre of the spec i men in or der
to avoid the mea sure ment of inhomogeneous parts of sam -
ples, which could oc cur on the sam ples edges.

The EBSD mea sure ments were per formed us ing the
high-res o lu tion scan ning elec tron mi cro scope LEO-1530
(Carl Zeiss) equipped with a field emis sion cath ode and a
Nordlys II EBSD de tec tor (HKL Tech nol ogy). The mea -
sure ments were car ried out at the ac cel er a tion volt age of 20
kV; the work ing dis tance 15 mm and the sam ple tilt of 70°
were used. The step sizes were var ied from 50 to 150 nm,
de pend ing on the ma te ri als grain size. For iden ti fi ca tion and 
in dex ing of the Kikuchi pat terns as well as for the eval u a -
tion of the mea sured data, the soft ware pack age Chan nel 5
(HKL Tech nol ogy) was em ployed. 

Af ter the EBSD mea sure ment, the pol ished sam ples
were sub jected to the XRD anal y sis. The XRD mea sure -
ments were per formed on con ven tional Bragg-Brentano

URD63 diffractometer (Seifert/FPM) us ing the Cu Ka ra di -

a tion (l = 0.15418 nm) and a graph ite mono chro ma tor in
the dif fracted beam. The in stru men tal line broad en ing of
the diffractometer was de ter mined from the mea sure ments
on the LaB6 stan dard from the US Na tional In sti tute of
Stan dards and Tech nol ogy (NIST).

Re sults and Dis cus si ons

In Fig. 1, fragments of the mea sured X-ray dif frac tion pat -
terns are shown. The po si tions of the peaks, cor re spond ing 
to the dif fer ent phases pres ent in the sam ples, are sche mat -
i cally marked in the figure. 

Af ter the sintering pro cess, the sam ples with high WC
con tents in the start ing ma te rial (S08 - S50) con tained
hex-WC, fcc-binder (Co), and fcc Ti(C,N)-based hard
(here in af ter re ferred to as hard fcc phase, only) phases. As
ex pected, the lat tice pa ram e ters of WC are for all these
sam ples in a good agree ment with the lat tice pa ram e ters a
= 2.906 C and c = 2.837 C, tab u lated in [19], (re cord num -
ber 510939). 

On the con trary, the sam ple S80 con tains two hard fcc
phases, vary ing in com po si tion and there fore in lat tice pa -
ram e ters, and the fcc binder. No peaks from the hex ag o nal
WC are ob serv able in the dif frac tion pat tern. The WC was
dis solved par tially in the binder phase and partly in the
hard fcc phase, whereas one of the hard fcc phases con -
tains high con cen tra tion of tung sten in the grain cores, as it 
was con firmed by the lo cal chem i cal anal y sis (grains with
lighter shad ing in the cores in Fig. 2b). In hard fcc phases,
pro nounced changes of the peak po si tions and peaks
shapes (asym me try) are ap par ent in sam ples S50 and S80
(see Fig. 1). The changes are re sults of the dif fu sions and
interdiffusion pro cesses, which oc curred in spec i men dur -
ing the sintering and/or dur ing the pow der prep a ra tion.
These events are in de tail de scribed and ex plained in sec -
ond part of the pa per.

In Figs. 2 SEM/BSE mi cro graphs of the sam ples con -
tain ing high est amount of the WC phase (a) and high est
amount of the hard fcc phases (b) are shown. The dif fer -
ences in the spec i mens’ mor phol ogy are ob vi ous. Sam ple
S08 con sists of the sharp-edged rect an gu lar grains of WC
(light gray grains) im bed ded in the Co binder phase
(darker re gions in the mi cro graph) – Fig. 2a. Spec i men
S80, con tain ing orig i nally nearly 70 wt.% of the hard fcc
phase, con sists of spher i cal grains. In closer look, the pro -
nounced core-rim struc ture of the grains is ob vi ous. The
core-rim struc ture is a con se quence of the dif fu sion pro -
cess, which oc curred in in di vid ual grains dur ing the
sintering. The dif fu sion of el e ments within in di vid ual

Sam ple
WC

[wt%]
Ti(C,N)
[wt%]

Co 
[wt%]

Ni 
[wt%]

S08 86 8 6 0

S15 80 12 8 0

S30 64 26 10 0

S50 42 45 13 0

S80 16 68 8 8

Ta ble 1. Phase com po si tion of the ini tial pow ders.

Fig ure 1. Fragments of mea sured X-ray dif frac tion pat terns for
sam ples un der in ves ti ga tion. The po si tions of the peaks cor re -
spond ing to the dif fer ent phases pres ent in the sam ples are sche -
mat i cally marked in the fig ure.



grains cause the con cen tra tion pro files gra di ents, which re -
sult in the lat tice pa ram e ter changes and can be iden ti fied in 
the mea sured dif frac tion pat terns as an asym met ric dif frac -
tion line broad en ing – see Fig. 1. The hard phase grains are
again im bed ded in soft binder phase (Fig. 2b). Mor phol ogy 
of other in ves ti gated spec i mens lies, de pend ing on the WC
/hard fcc phases ra tio, in be tween of these two bound ary
cases. It is the com bi na tion of the sharp WC and rounded
hard fcc grains imbedded in binder phase.

Vol ume frac tions of the hard phases de ter mined from
the EBSD mea sure ments as a func tion of weight frac tions
of given hard phases in orig i nal pow der are shown in Figs.
3a,b. For both, WC and hard fcc phases, es ti mated vol ume
frac tion fol lows the lin ear de pend ence (marked in Figs.
3a,b as dashed line). How ever, sig nif i cant de vi a tions from
the orig i nal pow ders com po si tions are ob vi ous namely for
the WC phase in sam ple S50, where es ti mated con tent is
sig nif i cantly lower and for hard fcc phases in sam ples S50
and S80 where the con tent of the fcc phases is over es ti -
mated. The rea sons for these de vi a tions are mainly caused
by the dif fi cult prep a ra tion of the sam ple sur face for the
EBSD mea sure ments. As it was men tioned be fore the sur -
face re gion of the spec i men, where the Kikuchi pat tern co -
mes from, has to be free of de for ma tion and strains.

How ever, based on the fact that the WC and hard fcc
phases have dif fer ent me chan i cal prop er ties, for each
phase a dif fer ent pol ish ing pro ce dure leads to the best prep -
a ra tion of the sam ple sur face (see de tails in the chap ter Ex -
per i men tal). Di verse sam ple prep a ra tion for WC and hard
fcc phases causes pref er en tial re mov ing of the mi nor
phase, when the pro ce dure suit able for the pol ish ing of
dom i nant phase is cho sen. More over, both types of the fin -
ish ing pro ce dures adopted for pol ish ing of the hard phases
in duce de for ma tion and pref er en tial re mov ing of the soft
and duc tile binder phase. From that rea son, the vol ume
con tent of the binder phase was highly un der es ti mated in
all sam ples un der study. An other ef fect, tak ing role par tic -
u larly in the S80 sam ple, which causes dis ap pear ing of the
hex ag o nal WC phase con tent, is the dis so lu tion of the ini -
tially hex-WC grains into binder and hard fcc phases. This
has in con se quence in crease of over all hard fcc phase
amount and si mul ta neous dis ap pear ing of the WC phase –
see Fig. 2b, where no hex-WC grains can be ob served and
Fig. 1, where hex-WC peaks are miss ing in the dif frac tion
pat tern.

The grain size dis tri bu tions for the WC and fcc hard
phases were de ter mined from the mea sured ori en ta tion
maps us ing the line in ter cept method. As a bound ary be -
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Figure 2. SEM/BSE micro gra phs of the sam ple S08 (a) and sam ple S80 (b) acqui red at 20 kV, mag ni fi cati on 20000 x.

Figure 3. Vo lu me fracti on of the hard phases de ter mi ned from the EBSD me a su re ments as a functi on of weight fracti on of gi ven hard
phase in ini tial pow der for WC (a) and hard fcc (b) phases.



tween the dif fer ent grains, the misorientation of 15° was
adopted. The grain size dis tri bu tions fol lowed the
lognormal dis tri bu tion for all sam ples un der study. The
mean grain size, de ter mined from the fit ting of mea sured
grain size dis tri bu tions with the lognormal func tion, as a
func tion of ini tial hard phase con tent is for both hard
phases shown in Figs. 4a,b. The mean grain size in creases
from ap prox i mately 280 nm in sam ple S50 to ap prox i -
mately 330 nm in sam ple S08 for WC phase and si mul ta -
neously in creases from 300 nm in sam ple S08 to roughly
550 nm in sam ple S80 for fcc hard phases – see Figs. 4a,b.
This is rather sur pris ing re sult, be cause in SEM mi cro -
graphs the WC grains seems to be big ger than hard fcc
grains (com pare Figs. 2a,b). This is caused by the fact, that
WC grains are not in di vid ual crys tal lites, but con glom er -
ates of crys tal lites and vice versa core-rim struc ture of hard
fcc grains evok ing the ap pear ance of sev eral grains is in re -
al ity only one grain con tain ing how ever the con cen tra tion
pro file gra di ent, but sin gle sim i lar crys tal ori en ta tion. This
ef fect can lead to sig nif i cant de vi a tions in grain size dis tri -
bu tion de ter mi na tion us ing only the clas si cal op ti cal or
SEM mi cro graphs. Both of these two meth ods will yield
over es ti mated value of the mean grain size for WC and un -
der es ti mated value of the mean grain size for hard fcc
phases. There fore all grain size dis tri bu tions de ter mined
us ing meth ods based only on the im age anal y sis (dif fer ent
grains are es ti mated due to the vari a tions in the mi cro graph
col our) have to be com pared with re sults ob tained from the
EBSD mea sure ments, which is the method de ter min ing the 
in di vid ual grains, by def i ni tion, as a part of ma te rial hav ing 
sim i lar crys tal orientation.

Ori en ta tion in for ma tion ob tained for each mea sured
point of the EBSD map al lows the ori en ta tion re la tion ship
be tween pairs of dis tinct points (so called misorientation)
for all in di vid ual phases pres ent in the sam ple to be cal cu -
lated. The cor re lated misorientation dis tri bu tion based on
the cal cu la tion of the misorientations be tween near est
neigh bour points there fore yields in for ma tion on the char -
ac ter and the frac tion of grain bound aries, while for the cal -
cu la tion of the uncorrelated misorientation dis tri bu tion
ran domly cho sen pairs of mea sured ori en ta tions are used,

which holds the in for ma tion on the tex ture and mor phol -
ogy of spec i men. The misorientation dis tri bu tions for both
hard phases in sam ple S30 are shown in Figs. 5a,b. The cor -
re lated misorientation dis tri bu tions de vi ate from the ran -
dom the o ret i cal misorientation dis tri bu tion [16] (solid line
in Figs. 5) at low an gles for both hard phases, which point
out to higher amount of low an gle grain bound aries
(LAGBs) ex ist ing in hard phases. More over, we can ob -
serve sig nif i cant max ima at ap prox i mately 90° in the WC
phase (Fig. 5a).

From misorientation dis tri bu tion, the frac tion of the
low an gle grain bound aries (LAGBs) and high an gle grain
bound aries (HAGBs) can be de ter mined. As a bound ary
be tween the LAGBs and HAGBs the an gle of 15° de rived
by Brandon [14] was cho sen. In Fig ures 6a,b the evo lu tion
of the LAGBs/HAGBs frac tions for WC and hard fcc
phases re spec tively, as a func tion of the ini tial hard phase
amount are shown. Only re sults from spec i mens con tain ing 
sig nif i cant amount of in ves ti gated phases are shown in
plots. For that rea son, the re sults for hard fcc phase in sam -
ple S08, sub jected to high er ror, are dis re garded. We can
ob serve slight lin ear in crease of the HAGBs on the ex pense 
of LAGBs with in creas ing amount of ini tial hard phase in
WC grains. There ex ist more than 80 % of the HAGBs in
the WC hard phase, in all sam ples con tain ing sig nif i cant
amount of WC, in all sam ples un der study – Fig. 6a. The
frac tion of the HAGBs/LAGBs is, in the bounce of er rors,
con stant in the hard fcc phases, how ever the ra tio of
HAGBs/LAGBs is ap prox i mately 55/45 % con trary to WC 
phase, where the amount of HAGBs was sig nif i cantly
higher – com pare Figs. 6a and 6b.

Uncorrelated misorientation dis tri bu tions tend to the
the o ret i cal ran dom ori en ta tion dis tri bu tions [16] (solid line
in the misorientation dis tri bu tion plots) for both WC and
hard fcc phases in all sam ples un der in ves ti ga tion. This is a
con se quence of the ma te rial mor phol ogy ho mo ge ne ity (no
spe cial shapes of grains – for ex am ple elon gated in one di -
rec tion, were ob served) and ab sence of the pre ferred ori en -
ta tion of crys tal lites – tex ture, which is even not expected
to occur in sintered materials. 

Ó Krystalografická spoleènost

172 M. Dopita et al

Figure 4. The mean grain size de ter mi ned from the fit ting of me a su red grain size dis tri bu ti ons with the lo g nor mal functi on as a functi on
of ini tial hard phase con tent for hex-WC (a) and fcc (b) hard phases.



The dis tinct sharp max i mum ap pear ing in the cor re -
lated misorientation dis tri bu tion plot of WC hard phase at
misorientation an gle of 90° (Fig. 5a) de notes the pres ence
of some spe cial HAGBs. To dis tin guish what type of grain
bound ary it is we can, for each pair of neigh bour mea sured
points, cal cu late the axis of misorientation and con struct
the an gle/axis misorientation dis tri bu tions (the fre quen cies
of axes are plot ted as a func tion of misorientation an gle). In 
Fig. 7 an gle/axis misorientation dis tri bu tions for WC phase 
in sam ple S30 are shown. We can clearly iden tify the
global max i mum cor re spond ing to the ro ta tion of 90°

around á01-10ñ axis. An other lo cal max i mum cor re sponds

to the ro ta tion of 60° around á-12-10ñ axis. With ac cor -
dance to the re sults pub lished in [15] these spe cial high an -

gle grain bound aries cor re spond to the S2 and S4
coincidence site lattice (CSL) grain boundaries.

To quan tify the frac tion of S2 and S4 grain bound aries,
we can use the co in ci dence site lat tice the ory. Brandon cri -

te rion Dq = q0S
-1/2 [14], where Dq is the de vi a tion from ex -

act CSL an gle, q0 is the LAGBs / HAGBs limit, and S is
cor re spond ing CSL, was adopted as a tol er ance limit from

ex act CSL val ues. The length fre quen cies of S2 and S4
grain bound aries oc cur ring in the hard WC phase in the
sam ples un der in ves ti ga tion are shown in Fig. 8. In sam ples 
heav ing 80 and 64 wt. % of hex-WC in the ini tial pow der

(sam ples S15 and S30) the to tal length fre quency of S2
grain bound aries is around 15 %, whereas in sam ples heav -
ing less or more WC phase (sam ples S08 and S50) the
length fre quency is slightly lower – be tween 10 and 12 %.

The in ci dence of S4 grain bound aries is the re sult of oc cur -

rence of the S2 grain bound aries. This can be dem on strated
by sim ple geo met ri cal con sid er ation. They ap pear when
three grains meet at the tri ple junc tion while two of the

grain bound aries are dif fer ent S2 grain bound aries then

third grain bound ary is the S4. There fore, their amount is

con nected to the over all fre quency of S2 grain boundaries.
Dur ing the sintering pro cesses, dif fu sion of work ing

gas and/or interdiffusion of ini tial pow der el e ments can oc -
cur. The dif fu sion and interdiffusion phe nom ena are of ten
ob served mainly in the ce ramic–metal com pos ites. In our
study, the dif fu sion pro cesses took place in spec i mens con -
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Fi gu re 6. LAGBs and HAGBs frequen cy of ap pea ran ce as a functi on of the ini tial amount of the hard phase for the WC (a) and hard fcc
(b) phases.
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Fi gu re 5. Cor re la ted (hatched bars), un cor re la ted (whi te bars), and the o re ti cal ran dom (so lid line) dis tri bu ti ons as functi on of mi so ri en -
tati on an g les in sam ple S30 for WC (a) and hard fcc (b) phases.



tain ing high amount of the fcc hard phases. As it is well
seen from SEM/BSE mi cro graphs of sam ple S80 (Fig. 2b)
in di vid ual grains of the hard fcc phases ex hibit in ter nal
struc ture - vari a tions in col our cor re spond to the vari a tions
in com po si tion. In the hard fcc phases the lo cal com po si -
tion gra di ents ex ist, which were caused by dif fu sion and
interdiffusion dur ing the sintering pro cess. Our aim was
the de scrip tion of those lo cal com po si tion gra di ents, which
was pos si ble mainly in spec i mens con tain ing high amount
of fcc phases – S50 and S80. In re main ing spec i mens, con -
tain ing low hard fcc phase frac tion, these ef fects were in -
sig nif i cant or be low de tec tion limits.

For ma te ri als in which the de pend ence of the inter -
planar spac ing on the chem i cal com po si tion is known, the
com po si tion gra di ents can be de ter mined from the dis tri bu -
tion of the interplanar spac ings. How ever, the knowl edge
of ap pro pri ate microstructure model, which takes into ac -
count the size and the shape of in di vid ual grains and cer tain 
ra dial dis tri bu tion of el e ments in hard-phase grains, is nec -
es sary. Be cause of high res o lu tion of XRD in re cip ro cal
space, the dis tri bu tion of the interplanar spac ing can be ob -
tained from the X-ray line broad en ing with a very high pre -

ci sion. How ever, the X-ray line broad en ing is usu ally over -
laid by in stru men tal ef fects. In flu ence of the in stru men tal
ef fects on the shape of the mea sured XRD lines is typ i cally
ex pressed by the con vo lu tion of the phys i cal func tion f,
which is re lated to the microstructure of the sam ple, with
the in stru men tal func tion g, which de scribes the in stru men -
tal line broad en ing. The mea sured dif frac tion pro file h can
be than written as:

h x f y g x y dy f g( ) ( ) ( )= - = *
-¥

¥

ò .                (1)

Un der as sump tions of the kinematical dif frac tion the -
ory, the in fin i tes i mal dif fracted in ten sity, scat tered by the
grains con tain ing the com po si tion gra di ents, ob served at

the dif frac tion an gle 2q is given by the equation:

dI

dc
I LPA

F m

V

dV

dc
K

dV

dc
e

( ) | |2
0

2

2

q
= = ,                (2)

where the term dI/dc has the mean ing of the in ten sity
con tri bu tion dif fracted by the in fin i tes i mal vol ume of
grains hav ing the com po si tion c, and term dV/dc the mean -
ing of the re cip ro cal com po si tion gra di ent in three di men -
sions as it is re lated to the in fin i tes i mal dif fract ing vol ume.
K is scal ing fac tor con tain ing in ten sity of the in ci dent
beam, Lo rentz, po lar iza tion and ab sorp tion fac tors, mul ti -
plic ity of given lat tice planes, square root of the struc ture
fac tor and vol ume of the el e men tary cell, whose pa ram e -
ters can be in the first ap prox i ma tion as sumed con stant for
in di vid ual sets of lat tice planes (hkl). For grains with a
com po si tion gra di ent, Eq. (2) de scribes the phys i cal func -
tion f from Eq. (1). 

In our ap proach we sup pose lin ear de pend ence of the

interplanar spac ings on the con cen tra tion d(c)=d0+cDd,
which is well ful filled in the case of ce ramic-metal com -
pos ites. For cal cu la tion of the phys i cal line broad en ing us -
ing Eq. (2), the fol low ing pa ram e ters of the microstructure
model were used; the max i mum and the min i mum
interplanar spac ings and the steep ness of the com po si tion
pro file given by the square-root of the prod uct of the dif fu -
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Fi gu re 8. The evo lu ti on of to tal len gth frequen cy of the S2 and
S4 CSL grain boun da ries occurring in the he xa go nal WC phase
as a functi on of the ini tial WC hard phase fracti on.

Fig ure 7. HAGBs dis tri bu tions by axes of misorientation in WC phase. Darker col our rep re sents higher in ten sity and the max i mums

cor re spond ing to the S2 and S4 CSL, are marked in stan dard ste reo graphic tri an gles.



sion co ef fi cient and the dif fu sion time, Ö(Dt), in the func -

tion erfc(x/Ö(Dt)), which ap prox i mates well the form of
con cen tra tion pro files. In ce ramic–metal com pos ite ma te -
ri als, ba si cally two dif fu sion events can oc curred yield ing
dif fer ent shape of phys i cal func tion f: the dif fu sion and the
interdiffusion. The dif fu sion model de scribes dif fu sion
pro cesses run ning be tween dif fus ing spe cies out side the
grains and the in di vid ual grains them selves, whereas cor re -
spond ing phys i cal func tion is asym met ri cal. The inter -
diffusion model as sumes interdiffusion of el e ments
run ning within in di vid ual grains, its phys i cal func tion re -
veal two maxima.

The cal cu la tion pro ce dure fol lowed the next steps: first
ap prox i ma tion of the phys i cal func tion was ob tained from
deconvolution of the mea sured XRD lines [17] in or der to
de cide whereas the phys i cal func tion can be ap prox i mated
us ing a sim ple dif fu sion or interdiffusion model. In the sec -
ond step, free pa ram e ters of the microstructure model were
re fined via fit ting the cal cu lated dif frac tion lines to the
mea sured ones. The cal cu lated dif frac tion pro files were
ob tained from the con vo lu tion of the phys i cal func tion
with the in stru men tal line broad en ing ac cord ing to Eq. (1).
The phys i cal func tion was cal cu lated us ing the rou tine de -
scribed above. In stru men tal broad en ing of dif frac tion lines
was mea sured us ing a stan dard sam ple. More de tails about
the cal cu la tion and fit ting pro ce dure can be found in [17,
18].

The an gu lar dis tri bu tion of the dif fracted in ten sity in
Eq. (2) is very sen si tive to the com po si tion gra di ent, but it
is not sen si tive to the po si tion of the in fin i tes i mal dif fract -
ing vol ume in the sam ple. This does the de ter mi na tion of
the po si tion of re spec tive dif fract ing vol ume im pos si ble.
There fore, a com ple men tary ex per i men tal tech nique is
nec es sary to build the microstructure model, which as signs
the dis tri bu tion of the interplanar spac ings ob tained from
the X-ray dif frac tion to the po si tions of the re spec tive in -
fin i tes i mal vol umes within in di vid ual grains. More over,
this microstructure model must be com ple mented by in for -
ma tion about the shape and size of the grains. In for ma tion
on the lo cal chem i cal com po si tion were ob tained us ing
SEM with the en ergy dispersive anal y sis of the char ac ter is -

tic X-ray spec tra (EDX). Cal cu lated dependences of
interplanar spac ings (or lat tice pa ram e ters) can be then, un -
der as sump tions of spher i cally sym met ri cal grains, con -
firmed by the SEM/EBSD mea sure ments, with aid of
known de pend ence of the lat tice pa ram e ters on con cen tra -
tion, re cal cu lated into the de pend ence of lat tice pa ram e ter
ver sus ra dial dis tance from the grain centre. 

In sam ple S50 the deconvolution of the mea sured XRD
pro file cor re spond ing to the fcc hard phase showed an
asym met ric phys i cal pro file, which is the in di ca tion of dif -
fu sion pro cess oc cur ring dur ing the sintering and caus ing
vari a tions of the lat tice pa ram e ter within in di vid ual grains.
Mea sured, phys i cal and reconvoluted pro files of the
511/333 line, to gether with in stru men tal pro file, are shown
in Fig. 9a. The re flec tion 511/333 was cho sen since it does
not over lap with peaks from WC and binder phase.

The lat tice pa ram e ter var ies from the rim of the grains
into the grain cen tre from 4.3097 C to 4.3169 C. This is a
con se quence of the dif fu sion of ni tro gen dur ing the
sintering. In creas ing amount of the ni tro gen de creases the
lat tice pa ram e ter of the Ti(C,N) phase. In Fig. 9b the de -
pend ence of the lat tice pa ram e ter on the rel a tive dif fract ing 
vol ume is shown. The zone where the ni tro gen dif fused is
how ever quite nar row. It is only about 10% of the grain ra -
dius. The dif fu sion pro cess is sche mat i cally drawn in Fig.
9c, where the ni tro gen richer grain rim is shown. 

In sam ple S80 the deconvolution of the mea sured XRD
pro file has shown a phys i cal pro file con tain ing two dis tinct 
peaks, which means that the sam ple con sists of two hard
fcc phases. The con cen tra tion pro file fit ting rou tine was
mod i fied to com prise the microstructure of two phases.
Both phases were de scribed with own set of pa ram e ters and 
each dis tri bu tion func tion was ap prox i mated by a sim ple
er ror func tion. Fig ure 10a shows mea sured, phys i cal and
reconvoluted pro files of 422 dif frac tion line. In Fig. 10b re -
fined dis tri bu tion func tions for lat tice pa ram e ters that
yielded the best match be tween the in ten si ties cal cu lated
us ing above de scribed ap proach and the mea sured in ten si -
ties in sense of the least-squares method are shown. Trans -
for ma tion from the rel a tive dif fract ing vol ume to rel a tive
dis tance from the grain cen tre, which is pos si ble be cause
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Fi gu re 9. Diffracti on li nes 511/333 of the hard fcc phase me a su red in the sam ple S50. Circles show the ex pe ri men tal data, the so lid line
behind the ex pe ri men tal data points the re-con vo lu ted in tensi ties. The da shed line in di ca tes phy s i cal pro fi le cal cu la ted using Eq. (2) (a)
from the dis tri bu ti on of the lat ti ce pa ra me ters shown in (b). The in set in (a) shows the in stru men tal line broa de ning me a su red with the



the grains in sam ple S80 have shape that can be ide al ized as 
spher i cal, yield de pend ence shown in Fig. 10c. The up per
line cor re sponds to orig i nal fcc hard phase, where the con -
cen tra tion pro file and the change in the lat tice pa ram e ter is
cause by the dif fu sion of the ni tro gen into grains, sim i larly
as it was de scribed for sam ple S50 (in Figs. 10 marked as
Ti(C,N)). The lat tice pa ram e ter var ies from the rim of the
grains into the grain cen tre from 4.3025 C to 4.3067 C, and
anal o gously to the hard phase grains in the sam ple S50 the
zone where the ni tro gen dif fused into the grain is quite nar -
row – only about 10 – 15% of the grain ra dius.

On the con trary, bot tom line cor re sponds to the sec ond
hard fcc phase, marked in Figs 10 as (Ti,W)(C,N). This
sec ond hard fcc phase con tains high con cen tra tion of tung -
sten in the grain core. The higher con cen tra tion of the tung -
sten in the cen tre of some grains ob served by spa tially
re solved SEM/EDX anal y sis is clearly vis i ble in SEM/BSE 
mi cro graphs (brighter col our in the core of some grains in
Fig. 2b). Tung sten oc cu py ing some atomic po si tions in the
hard fcc phase de creases the lat tice pa ram e ter (re cord num -
ber 201309 in [19]), which ef fect is vis i ble from the bot tom 
line in Fig. 10c. Close to the rim of the grain, the lat tice pa -

ram e ter is higher due to lower con cen tra tion of tung sten
than in the grain cen tre, where the tung sten con cen tra tion is 
high. The lat tice pa ram e ter in creases from the cen tre of the
grains into the grain edge from 4.2744 C to 4.2879 C.  The
vol ume frac tion of the sec ond, tung sten rich, fcc phase has
to be sig nif i cantly lower than vol ume frac tion of the ma jor
fcc phase, be cause there was ini tially very low con tent of
WC in sam ple S80. The lower vol ume frac tion of the sec -
ond tung sten rich fcc phase cor re sponds to the lower in te -
grated in ten sity of the phys i cal pro file func tion of that
phase (smaller peak at higher dif frac tion an gles in Fig.
10a).

Conclu si ons

A set of hard met als vary ing in the WC / fcc hard phases ra -
tio was pre pared. The spec i mens were stud ied us ing the
X-ray dif frac tion and SEM with reg is tra tion of the elec tron
back scat ter dif frac tion pat terns (SEM/EBSD). Based on
the XRD ob ser va tions, we de scribed the phase com po si -
tion of ma te ri als as a func tion of the start ing pow der phase
com po si tion. The SEM/EBSD yielded in for ma tion about
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Fig ure 10. Dif frac tion lines 422 of the hard fcc phases mea sured in the sam ple S80. Cir cles show the ex per i men tal data, the solid line
be hind the ex per i men tal data points the re-con vo luted in ten si ties. The dashed line in di cates phys i cal pro file cal cu lated us ing Eq. (2) (a)
from the dis tri bu tion of the lat tice pa ram e ters shown in (b). De pend ence of the lat tice pa ram e ter on the rel a tive dis tance from the cen tre
of ide al ized spher i cal grains (c). Sche matic draw ings of the sec ond hard fcc phase - (Ti,W)(C,N) grains, hav ing high tung sten con cen tra -
tion in the grain core.



the grain size and grain bound ary dis tri bu tions in the hard
phases. The mean grain size in WC and fcc hard phases in -
creases with in creas ing frac tion of given hard phase. This
is a con se quence of fact, that in ma te rial con sist ing dom i -
nantly of one phase, more grains of in di vid ual hard phases
can be in di rect con tact and the grain growth can take place
dur ing the sintering. We cal cu lated the ra tio of the high and 

low an gle grain bound aries. A high amount of S2 and S4
co in ci dence site lat tice (CSL) grain bound aries were ob -
served in the WC phase. No pre ferred ori en ta tion of crys -
tal lites was found in both hard phases. In sam ples
con tain ing high frac tion of the fcc hard phases, the lo cal
con cen tra tion gra di ents were iden ti fied in the fcc hard
phases grains from the asym me try of the XRD lines. With
the help of the SEM/EBSD and lo cal chem i cal com po si tion 
in for ma tion ob tained from SEM/EDX mea sure ments, the
microstructural mod els of hard fcc grains were cre ated. Ra -
dial dis tri bu tions of the lat tice pa ram e ters in the hard fcc
phases grains were cal cu lated from the con cen tra tion pro -
file fit ting of mea sured XRD line pro files. In the sam ple
with the low est start ing WC con tents, WC dis solved in the
binder and hard fcc phase. The for ma tion of sec ond hard
fcc (Ti,W)(C,N) phase hav ing high con cen tra tion of tung -
sten in the grain cores was ob served. The com bi na tion of
the spa tially re solved (SEM/EBSD and SEM/EDX) with
the XRD anal y sis yield unique com ple men tary in for ma tion 
about the microstructure of the hard met als.

Acknowledg ments

This work was fi nan cially sup ported by the Ger man Sci en -
tific Coun cil (DFG) as part of a re search pro ject within the
Col lab o ra tive Re search Cen tre SFB 920. The au thors
would as well like to ac knowl edge the fi nan cial sup port
through the Dr. Erich-Krüger-Stiftung, this is subproject
#8 from Freiberg High-Pres sure Re search Cen tre FHP.

Re fe ren ces

1. B. Roe buck, Int J Re fract Met Hard Ma ter 24, 101–108,

(2006).

2. H. Engqvist, B. Uhrenius, Int J Re fract Met Hard Ma ter
21, 31-35, (2003).

3. V.T. Golovchan, N.V. Litoshenko, Int J Re fract Met Hard
Ma ter 21, 241-244, (2003).

4. V. Kumar, Z.Z. Fang, S.I. Wright, M.M. Nowell, Metal
Ma ter Trans A 37, 599-607, (2006).

5. L. Chen, W. Lengauer, K. Dreyer, Int J Re fract Met Hard
Ma ter 18, 153-161, (2000).

6. H.O. Andrén, Ma ter De sign 22, 491-498, (2001).

7. B. Wollein, M. Bohn, W. Lengauer, Surf In ter face Anal 34, 

343-345, (2002).

8. W. Lengauer, Mat-wiss Werkstofftech 36, 460-466, (2005).

9. G. Östberg, H.O. Andrén, Metal Ma ter Trans A 37,
1495-1506, (2006).

10. B. Roe buck, M.G. Gee, Pro ceed ings of the 12th in ter na -
tional Plansee sem i nar, vol. 2, H. Bildstein, H.M. Ortner

Eds., Reutte/Tirol, pp. 1-29, (1989).

11. C.R. Houska, J Appl Phys 41, 69-75, (1970).

12. D.R. Tenney, J.A. Carpenter, C.R. Houska, J Appl Phys 41, 

4485-4492, (1970).

13. D.S. Janisch, W. Lengauer, K. Rödiger, K. Dreyer, H. van
den Berg, these pro ceed ings.

14. D. G. Brandon, Acta Metallurgica Vol. 14, 1479, (1966).

15. S. Lay and M. Loubradou, Phil. Mag. Vol. 83, No. 23,
2669-2679, (2003).

16. J. K. Mac ken zie, Acta Metallurgica Vol. 12, 223, (1964).

17. D. Rafaja, Ma ter Struct 7, 43-50, (2000).

18. D. Rafaja, M. Dopita, M. Masimov, V. Klemm, N. Wendt,
W. Lengauer, Int J Re fract Met Hard Ma ter 26, 263–275,

(2008).

19. Pow der Dif frac tion File PDF-2 on CD-ROM. Phil a del phia: 
In ter na tional Cen tre for Dif frac tion Data; (2003).

Ó Krystalografická spoleènost

Microstructural In ves ti ga tion of Hard Met als ...       177


