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The effect of the deformation and size of crystals of mechanically alloyed and tempered
composite tungsten powders with titanium additives on the sintering process is studied.
For the synthesis of composite powders W—xTi (x = 4.0 and 10.0 wt.%), The mechanical
alloying process was carried out in a SpexTM Duo Mixer/Mill 8000D under an argon
atmosphere for 20 h. The density and size of the crystallites/powders were measured
before and after the quenching process. The measurements were carried out by a helical
pycnometer and Lorentz methods in combination with XRD. Sintered bulk composites were
characterized under the same conditions. Samples made by hardened powders did not fully
cake. The relative density of sintered samples obtained from non-carbon powders was
higher (97.19 %). In contrast, samples made from heat-treated powders had smaller
crystallite sizes and lower densities (80.50 %). It is shown that the preheating of mechani-
cally doped powders adversely affects the sintering of composite powders during the
compaction process.

Keywords: composite powders, tungsten, mechanical alloying, sintering, strain, crys-
tallite size.

Wccnenopano Biusinue maedopMaiuy 1 pasMepa KPHUCTAIIOB MEXAHUYECKH JIETUPOBAHHBIX W
3aKAJIEHHBIX KOMIIO3UTHBIX IIOPOIIKOB BOJb(hpPaMa ¢ TUTAHOBBIMU TOOABKAMM HA IIPOILECC CIIEKa-
Huda. na cuaresa xommosuTHBIX HOPorikoB W—xTi (x = 4,0 u 10,0 mac.% ) mpomecc mexanu-
veckoro Jernpopanus nposogmiu B SpexTM Duo Mixer/Mill 8000D B armochepe aprona B
Teuerue 20 u. MaMepsanachk IIOTHOCTb U PasMEPhl KPUCTAIUTOB/IIOPOIIKOB [0 U IIOCJE IIPOIIEC-
ca saxkajrku. MaMepeHUs IPOBOJUJINCE I'eJIMKOBBIM ITMKHOMETPOM U JIOPEHIIEBBIMU METONAMH B
couertannu ¢ XRD. Crneuennnie 00'beMEBIE KOMIO3UThI XapPAKTEPHU30BAINCh B TeX K€ YCJIOBHUAX.
O6pasipl, UBTOTOBJIEHHLIE 3aKAJEHHBIMH IIOPOIIKAMM, IIOJHOCTBIO He CIeKaluch. OTHOCUTEJb-
Has ILIOTHOCTb CIIEYEHHBIX OOPAa3IlOB, MOJYYEHHBIX M3 HEYIVIEPOIHBIX IIOPOIIKOB, ObLIa BBILIE
(97,19 %). Hamporus, o0pasiibl, MBrOTOBJICHHBIE M3 TEPMOOOPAGOTAHHBIX MOPOIIKOB HMEJH
MeHbIIIe PasMephbl KPUCTALINTOB U Gosiee Huskue sHaueHus mrorHoctu (80,50 %). Iloxasano,
YTO IIPEeIBAPUTENBHBIM HATPEB MEXaHWYECKU JIETMPOBAHHBIX MOPOIIKOB OTPUIATEIBHO BJUSAET
HA CIeKaHNe KOMIIO3UTHBIX IIOPOIIKOB BO BPEMs IIPOLECCa MX YILIOTHEHUS.

Boumme pedopmalii i po3amipy Kpucranis MexaHiuHO JEeroBaHHX i 3arapToBaHUX KOMIIO3UT-
HUX IIOPOUIKIB BoJb(pamy 3 THTAHOBMMH xo0aBKaMu Ha mpouec crikaums. H.Jahangiri,
M.L.Qvecoglu.

Hocaim:xeno BunauB gedopmarnii Ta posMipy KpucraaiB MexaHiUHO JEeroBaHUX i 3arapro-
BAHMX KOMIIOBHUTHHX IIOPOIINKIB BONbMpPaMy 3 TUTAHOBMMH A0GaBKAMHK HaA IIPOIlEC CIIKAHHSA.
Ina cunTesy KommosuTHuxXx mnopomiis W—xTi (x = 4,0 i 10,0 mac.% ) mpormec MmexauiuHOTO
aeryBaHna nposegeno B SpexTM Duo Mixer/Mill 8000D B armocdepi aprory mporsarom
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20 rox. BumipsaHo ulinbHiCTS i posMipu KpucraniTiB/mopomikie Ao i micasa mpolecy 3arapry-
BaHHA. BuMiploBaHHs NIpoBeJleHO TeJiKOBUM IIiIKHOMETPOM 1 JIOPEHIEBUMM METOJaAMU Y
noexuanHi 3 XRD. Cmeueni 06’¢MHI KOMIIOSMTH OXapaKTepPU30BaHO B THUX JKe YMOBaX.
3pasKu, BUTOTOBJEHI 3arapTOBAHMMM TIOPOIIKaMM, MOBHICTIO He cHikalThcA. BigmocHa
UIIBHICTL CIleUueHWX B3pasKiB, OTPUMAHWX 3 HEYIJIEPOJHUX MOpPoIKiB, Bumie (97,19 %).
Hasmaxkwu, 3pasku, BUTOTOBJEHI 3 TepMOOOPOOIeHUX TOPOIITKIB MaJW MEHI po3Mipu Kpuc-
TANITIB i Ginbm HusbKi sHauenusa miiasnocti (80,50 % ). [Toxasamo, Mo mMomepesHe HarpiBaH-
HS MeXaHiuyHO JIeroBaHUX IIOPOIIKIiB HETaTMBHO BIIJIMBA€E€ HA CHIKAHHA KOMIO3UTHUX IIO-

POMIKiB mij wac mpoliecy ix yIiJTbHEeHHS.

1. Introduction

Tungsten and its alloys are known as re-
fractory metals, which have a high melting
point and a low thermal expansion, the low-
est vapor pressure and other defined charac-
teristics for refectory metals [1, 2]. How-
ever, alloying of monolithic tungsten is
mandatory for applications, which require
high strengths at elevated temperatures.
The reason is mechanical properties of tung-
sten, which significantly decrease with the
temperature increasing [3—8].

Small amounts of transition elements
(e.g., Ni, Co, and Fe) during mechanical al-
loying (MA) activate sintering and enable
the fabrication of fully dense tungsten-
based alloys and composites at lower tem-
peratures compared to the regular sintering
temperatures of tungsten [7—13]. Mechani-
cal milling (MM) and mechanical alloying
are complex processes which involve optimi-
zation of a number of variables to achieve
desired powders [13—15]. During the MM
and MA processes, powders solubility, crys-
tallite size, and lattice strain values are sig-
nificantly changed [14, 15]. Variation of
these parameters can affect the sintering
regime to reach the final products with tai-
lored characteristics.

In this study, half part of mechanically
milled and mechanically alloyed powders were
tempered at 300°C for 3 h and remain pow-
ders were used without direct heat treatment.
Strain values were measured by the Lorentzian
methods before and after the tempering then its
effect on the sintering of W—xTi (x = 4.0 and
10.0 wt. %) was analyzed.

2. Experimental

Elemental tungsten (W) (Eurotungs-
tene™, 99.9 % purity, 45 um average par-
ticle size) and titanium (Ti) (Alfa Aesar™,
99.9 % purity, 45 wm average particle size)
powders were used in the current study.
Crystallite size, and strain of the powders
increased by MM so, tungsten powders were
pre-milled for 10 h in a Spex™ Duo
Mixer/Mill 8000D with a speed of 1425 rpm
in a tungsten carbide (WC) wvial with
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6.35 mm diameter (1/4 inches) WC balls.
Loading and unloading of the vials were
carried out inside a Plaslabs™ glove box
under purified Ar gas (99.995 % purity) to
prevent oxidation during MM. The ball to
powder weight ratio (BPR) was 10:1.

The pre-milled W and elemental Ti pow-
ders were blended to constitute the W—xTi
(x = 4.0 and 10 wt. %) composition and the
powder blends were mechanically alloyed in
argon atmosphere (dry milling media), for
20 h in the Spex™ Duo Mixer/Mill 8000D
using the same conditions used for pre-mill-
ing: loading and unloading of the vials were
carried out inside the Plaslabs™ glove box
under purified Ar gas (99.995 % purity)
and BPR was 10:1.

Half part of the mechanically milled and
mechanically alloyed powders was tempered
at 300°C for 3 h and remaining powders
were used without heat treatment.

Microstructural characterizations of the
tempered and un-tempered powders were
performed using a Bruker™ D8 Advance
X-ray diffractometer (XRD) (CuKo radia-
tion, A = 1.542 A). The crystallite size and
strain rates were measured and calculated
using TOPAS 5 (Bruker AXS) software
using the Lorentzian method before and
after tempering, then its effect on the sin-
tering of W—xTi powder composites (x = 4.0
and 10.0 wt. %) was analyzed. The powder
particle size measurements were performed
in a Malvern™ Master-sizer Laser particle
size analyzer and in a MicrotracT™ NANO-
flex in-situ particle size analyzer. Densities
of the MA W—xTi powders were measured in
helium Pycnometer Micromeritics Ac-
cuPyc™ II 1340.

The produced powders were sintered by
Pressureless sintering method (PLS). In PLS
methods mechanically alloyed powders were
consolidated in a 10 ton capacity APEXTM
3040/4 uniaction hydraulic press to obtain
cylindrical mold with a diameter of 12 mm
under 5 MPa. Shaped cylinders were sintered
in a Linn™ high temperature hydrogen fur-
nace at 1400°C under inert Ar (introduced
between 20-650°C and 1100°C-1400°C) and
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SEl PC-std

High-vac

Fig. 1. W and W-10.0 Ti powder morphology before and after tempering, a — W before pre-milling
b — W-10 % Ti MAOh, ¢ — W-10.0 % Ti MA20h before tempering, d — W-10.0 % Ti MA20h after

tempering.

reducing H, (introduced between 650°C and
1100°C) gas flowing conditions for 1 h.

Microstructural characterizations of the
sintered products of W-xTi powders were
performed using Bruker™ D8 Advance X-ray
diffractometer (XRD) (CuKa radiation, A =
1.542 A). The crystallite size and strain
rates were measured and calculated using
TOPAS 5 (Bruker AXS) software using the
Lorentzian method and true densities of the
products were measured in helium Pycnome-
ter Micromeritics AccuPyc™ II 1340.

The structures of the crystal are dis-
rupted both for the mechanical milling and
mechanical alloying sintered products. As a
result, the defect density increases. The in-
crement of dislocations is correlated with
the lattice strain. The obtained diffraction
patterns demonstrate imperfections in the
material i.e. dislocations, crystallite size,
and strains within the grains due to disloca-
tions and stacking faults. The X-ray dif-
fraction peak is broadened due to the small
crystallite size and strain owing to disloca-
tions and stacking faults [15-18].

Biotar = Bcrystallité" Bstrain (1)
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where, B,,;,; is total peak broadening;
B crystallite and Bg;,,;, are peak broaden-
ings due to the crystallite size and lattice
strain, respectively. B can be expressed
as below.

strain

Bsrqin = Ntand, (2)
where N is strain in the material and 0 is
the peak position [15-18].

The strain is kind of trapped energy in
crystal, which can play driving force role in
the sintering. This internal energy can be
reduced by the heat treatment [16—-18].

3. Results and discussions

Tungsten (W) as a raw material is pre-
milled. By 10 h milling of W powders, aver-
age particle size of pre-milled W powders
reduced to 0.15 um. Figure 1 shows used
powders size and morphology.

Figure 1 shows morphological structure
of the powders. Figure 1(a) demonstrates W
powders before milling: as shown W has po-
lygonal structure with the smooth edges. In
Fig. 1(b) 10 h mechanically milled W and
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o 0 (W-xTi) 00-049-1440
. x (WC) 00-051-0939
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Fig. 2. Mechanically alloyed powder XRD pattern a) — W-10.0 wt. % Ti mechanically alloyed for
20 h before tempering, b) — W-10.0 wt. % Ti mechanically alloyed for 20 h after tempering.

Table 1. Strain, crystallite size and relative density of W—xTi (x = 4 and 10.0 wt.%) mechanically

alloyed 20 h un-tempered and tempered powders

Internal strain (%) | Crystallite size (nm) | Relative Density (%)
AS-Blended W-10 wt. % Ti 1.78 20.44 86.01
W-4.0 wt. % Ti MA 20h 3.97 2.10 80.45
Tempered W-4.0 wt. % Ti MA 20h 0.01 3.04 81.11
W-10 wt. % Ti MA 20h 3.53 5.78 81.30
Tempered W-10 wt. % Ti MA 20h 0.01 6.14 83.42

10.0 wt. % Ti were mixed up, with Ti that
revealed itself in broken shape with the
sharp edges. In Fig. 1(c) and (d) the me-
chanically milled W powders are presented
after 20 h of MA before and after temper-
ing, respectively. After 20 h MA the pow-
ders were in 0.15 um range. After the tem-
pering, the powders were agglomerated. The
powders morphology of was not changed by
the heat treatment in Ar atmosphere.

The XRD patterns of W-xTi (x=
10.0 wt.%) before and after the tempering
are presented in Fig. 2. The XRD patterns
of the MA powders show that W phase has
BCC Bravais lattice and Im3m is the space
group of all samples [18]. By applying of
MM and MA, not only powders particle size
was decreased but also internal strain of W
increased, peak broadened and intensity de-
clined [15].

As it can be seen in Fig. 2, only peaks
belonging to 00-049-1440 appeared, which
are responsible for W—xTi (BW-Ti phase) for-
mation. Ti does not show any diffraction
peak. W—xTi (x = 10.0 wt%) peaks before
tempering are broader than peaks after tem-
pering at 300°C. Based on these peaks, it is
predictable that internal strain of the tem-
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pered powders is smaller. After tempering,
deformed lattice reformed it led to the
peaks got sharper and meantime unseen
peaks of WC 00-051-0939 appeared.

As seen in Table 1, after 20 h of MA, the
powder densities and crystallite sizes were
decreased while the internal strain values
were increased. These measured values show
good consistency with the existing litera-
ture. Oleszak et al. reported that used con-
ventional horizontal low energy ball mill for
W grinding reaching 5.5 nm [19]. Avettand
et al. reached 5 nm of W powder by Fritsch
Pulverisette 6 ™ planetary ball mill [20],
while S.Coskun et al. used Spex™ Duo
Mixer/Mill 8000D to reach the finest pow-
der [21]. After tempering at 300°C for 3 h,
the powders densities and crystallite size
increase, and internal strain decreases,
reaching 0.01 %. Crystallite sizes were in-
creased because of sub-grain rearrangement
after the heat treatment [4, 15, 16].

Figure 3 shows the XRD patterns of the
samples after sintering at 1400°C. Compar-
ing of un-tempered and tempered patterns
in Fig. 3 confirms that the XRD pattern of
the sintered composite produced by un-tem-
pered mechanically alloyed powders were

Functional materials, 25, 2, 2018



H.Jahangiri, M.L.Ovecoglu / Effect of deformation and ...

Table 2. Strain, crystallite size and relative density of W—xTi (x = 4.0 and 10.0 wt. %) MA 20h

un-tempered and tempered sintered samples

Internal strain (%) |Crystallite size (nm)| Relative Density (%)
W-4.0 wt.% Ti MA 20h 0.01 1480 97.19
Tempered W-4.0 wt.% Ti MA 20h 0.01 840 80.50
W-10 wt.% Ti MA 20h 0.01 1355 96.58
Tempered W-10 wt.% Ti MA 20h 0.01 780 78.18

more intense and narrower than the sam-
ples’ fabricated by the tempered powders.
Because of this, it can be estimated that the
un-tempered group samples were denser and
crystallite size got larger. This is in com-
plete agreement with the observations from
pycnometer and TOPAS 5 (Bruker AXS)
which are shown in Table 2.

Table 2 shows the relative density of the
sintered samples. According to these values
the samples fabricated by the tempered me-
chanically alloyed powders were not sin-
tered completely, while the un-tempered
powders sintered. MM and MA applied ex-
ternal force: a part of the energy was
trapped in the structure as the lattice
strain. During tempering the energy was re-
leased and the internal strain of whole sam-
ples decreased to 0.01 (see Table 1), ap-
proximately equal =zero [16, 17]. The
trapped energy helped sintering of the un-
tempered powders during densification
process. This can be understood from larger
crystallite size of the un-tempered powders.
On the contrary, the samples which were
fabricated by the heat-treated powders have
smaller crystallite size and their density
values are lower.

4. Conclusions

Based on the current study, the follow-
ing observations and results can be drawn.

Before and after tempering in Ar atmos-
phere, morphology of the powders was not
changed.

XRD peaks of the W—xTi (x = 10.0 wt. %)
powders before tempering were broader
than peaks after tempering. The appeared
peaks got sharper after tempering, mean-
time unseen peaks of WC appeared simulta-
neously.

XRD peaks of sintered composite pro-
duced by the un-tempered mechanically al-
loyed powders were more intense and nar-
rower than the samples fabricated by the
tempered powders.

MM and MA applied external force to the
powders: a part of the energy was trapped
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O (W-XTi) 00-049-1440
X (WC) 00-051-0939
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7 W-4.0Ti MA20h

A
4 W-10.0Ti MA20h tempered

JL A JL

A
W-4.0Ti MA20h tempered

20 40 60 80 100 120
26, deg
Fig. 3. XRD pattern of sintered samples at
1400°C by PLS, a) — W-10.0 wt. % Ti me-
chanically alloyed for 20 h before tempering,
b) — W-10.0 wt. % Ti mechanically alloyed
for 20 h after tempering.

in the lattice structure as the lattice strain.
During heat treatment, this energy was re-
leased and the internal strain of whole sam-
ples decreased to approximately zero.

The samples fabricated by the un-tem-
pered powders were denser than the samples
produced by the heat-treated powders.
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