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The aim of this project is to improve tungsten heevy metels,
perticularly with regard to their ductility, porosity end demsity.

The emphasis of the two-yeer progrem is to investigate the
influence of the heavy metal composition (W content, binder
composition) and the chemical purity of raw materiels on the
properties of heavy metels. In addition, particuler attention
is given to the influence of the febricetion conditions on
the quelity of the product.

4 wide renge ol extremely veried paremeter influencing the
properties of W is conceiveble, some zre ciscussed in the

litersture (1-7), shertly summerized in the following:

e) Composition:

Increesing the W content increeses primerily the density, but
also the herdness, the tensile strengih and the E-module.
Zowever, it redpces the ductility.

To eachieve 2 good'ductility, the tincer should heve & herdness
end deformetion properties similer to those of W greins.

The most common binders ere the Ni-Cu types with verious
retios of alloying metels. The esddition of Co to the Ni-Fe
binders has proven adventageous. Binders conteining Mo have
also been tested. larked improvements in the finished alloy
cen be achieved by edding even slight amounts of verious
elements.

-—d

i Another importent but es yet herdly investigeted fecior in

: the properties of heavy metels is the role of the btinding
forces between the ¥ greins and the metrix alloy. The binding
forces are linked with the wetting between the liguid binder
end the W greins which is importent during sintering and is
aleo & function of interface energies.




b) Structure:

The generel mechanicel properties, especielly the ductility,
are strongly affected by the structure of the tungsten heavy
metals. The optimum for good ductility is e fine grained
product in which the individual grains are evenly distributed
in the matrix and completely surrounded by binder with a
minimum of bridging.

However through Ostwald ripening and coalescence during
sintering, & pronounced coarsening of the W powder grains
occurs. Thus, in generesl, measures which inhibit grein growth
also tend to "improve ductility. Little is presently kmown about
the action of various sdditives which influence grein grovih

so thet the purity of the W powder sssumes & perticuler
importence.

c) Purity of sterting meterials:

Since even slight emounts of additional elements in the W
powder or the binder cen heve 2 considersble influence on
grain growth, to obtain reproducible results it is necessary
to begin with materiels having the highest possible purity,
or at least with those heving exactly known end controllsble
impurities. Only in this wey can the type end emount of
edditives be correctly selected.

d} Pabricaetion conditions:

Even though the sintering conditions (temperature end duration),
ebove ell because of their influence on the sintered demsity
and on the W grain sizes, play the mejor role in determining
the products' properties, further paremeters are also of

great importance.

A thoroughly mixed sinter charge from & fine grained starting
material is essential for & product with desirable properties.




The compaction pressure on the green compects is an other
important fector: green compacts with e meximum density and

e minimum of pressing faults are necessery to obtein e minimum
residuel porosity in the finel products.

The compactibility of the sinter charges is e function of
verious factors. Messures to improve the compactibility of.
the powder mixtures, for example the use of coarser étarting
powders, cen result in undesirable sintering behevior end
thus in & product with inferior properties. It should be ‘
mentioned here thet the rete of cooling the freshly sintered
gz=rles elsc influences the finel properties.

"
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gtacsonere could
s 0 i €d¢ products. Above
1 tke influence of H2 is siressed, eglthough it is still

lzined. The usuel preciice todéey is o sinter in an et-
W

-

spnere conteining et least some H

It is elso known thet the tkermsl hnendling of the sintered
neevy metals cen strongly influence itheir properties. For
certein compositions of the heevy metel samples, such & tresi-
ment can ceuse fevoreble structurel chenges.

The present work has, et leest pertieslly, to take into account
ell these erees. During the first yeer the investigastionms
heve been concentreted on the compectibility of e broad

renge of powder mixtures en on the influence of the sintering
conditions on the properties of the heevy metel products.

The mejority of the tests were made on semples with & uniform
composition of 90 wt @ W, 6.7 wt % Ni and 3.3 wt % Fe, the
composition commonly in use todey. Usually e uniform standardized




W powder was used, for individual tests W powders with
other grain sizes and different chemicel purities were
elso checked.
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l, Starting materiels:

The W powders used in this work are supplied by en Austrian
tungsten manufacturer. Powders with varying grein size and
with different chemicel purities have been made available
to us (see table 1).

Mean grain sizes aml chemical compositions of the W powders.

mean
Powder grein impurity levels in ppm
size

¥e NZ 0 ? Si C

e
m
=
o]

in am Al Ce

230/78 0.74 10 7 1 36 17 1370 28 28 170
1$7/77 0.75 16 7 14 20 26 1S 1180 22 40 40
234/78 0.84 16 76 18 24 20 23 1220 24 44 31
503/79 3.05 10 10 12 20 26 10 240 21 20 20
434/78 3.13 10 10 12 20 22 10 260 28 20 24
429/78 3.16 10 10 10 20 24 10 260 30 20 15
£12/78 14.00 10 10 26 20 12 12 260 15 20 6

wn
~
0
n

The specifications on chemicel purities end mean grein sizes
ere given by the menufacturer. Grain sizes were determined
with the Pisher subsieve sizer. These grein size distributions
ere in good egreement with those determined by standerd
sedimentation methods (original readout sheets are attached).

The powders with an average grain size near 0.8 um have high
impurity levels, especially of O,. The powders having meen
grain sizes neear 3 and 14 um generally heve the lowest impurity
levels.

Our sintering tests so fer have been made primarily with
powders 434/78 and 503/79, both of which are available




in quantity. The two powders are from separate lots but
were made using the same sterting meterials under the same
conditions. Their chemical purities and grain size distri-
butions are thus quite similar.

SEM photographs also show quite similar grain sizes and
shapes. Grain sizes in both powders fall within a relatively
narrow range. Pictures with lower magnification show that
very fine powder particles ere nearly absent (Fig.le end
1b) . However &s can be seen in the highly megnified shots,
most of the grains are composed of agglomeretes from finer
perticles (Pig. 22, 2b). This is espécially cleer in Pig. 3b,
wvhich shows & further enlergement of the surfece cf the
ceriiclie froxz 2b. For both W powders, in eddition to the

egglomeretes (50) single perticles which ere lerger end

Powder 503/7¢ Powder 434/78
Fig. le 1800 x 1b 2000 x
2e 1800 x 2b 3500 x
4e 9000 x 3b 10,000 =x
| 4b 10,000 x
5b 10,000 x

The menufacturer will elso supply us with W powders heving
carefully selected types end emounts of "iImpurity" level
(doping additives). The first shipments heve already arrived.
These powders are to be used meinly for testing the role

of impurities in grain growth during sintering end their
influence on heevy metal properties.

Ni and Fe powders for the binder are supplied by the BASF
company end ere of carbonyl powder quelity, with mean grein
sizes near 15 um. The powders were sifted in our leboratories
prior to use to remove the few grains >30 um. The eliminstion
of the coerser fraction proved to be very important for
obteining uniform heavy metal sinter compects. The O, content
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of the Ni powder is 910 ppm, of the Fe 2020 ppm. Besides the
usuel camphor es pressing lubricant, & neutral wax (HV-wex
from Boechst) was also tested.




1800 x

Powder 503/79

Fig.za




Fig.1d Powder 434/78 2000 x
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3500 x
10000 x

Powder i&34/78
Powder 434/78

Fig.2b
Fig.3b
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2. Pressing behavior:

Uniform powder mixtures of 90 wt # W, 6.7 wt 4 Ni and

3.3 wt % Pe were prepared using various mixing or ball
milling procedures. The attainable green densities have
been measured efter compaction with different pressures.
Various amounts of different pressing lubricants heve also
been tested.

1

cxe powder cherges were wet mixed with cyclohexene for 3%F
. & rotation mixer, others were wet bell milled with cyclohexeane

fcr 33‘ in & leboretery ettritor. Pressing lubricarni, either
.7 cr 1 % cemphor or ¥V-wex, wes edded t> eech sample before

Pollowing the mixing or milling process tae cyclohexene wes
pertielly eveporeted. The still slightly cdamp powder was
then forced through & 0.8 mm mesh sieve for granuletion and
then thoroughly dried.

2.2._3ulk end tep densities of the powder cherges:_

The bulk and tep densities of the cerefully dried powder
charges were determined by standard methods. For the bulk
density the powder was poured into & celibrated beaker and
then weighed. For the tap density the powder was poured
into a beasker being lightly sheken to help it settle and
then weighed. The results are summerized in Tab.2.




TABLE 2

Treatment and densities for the various powder charges.
Composition: 90 wt 4 W, 6.7 wt % Ni, 3.3 wt % Fe.

Charge W powder Blending treatment Pressing bulk tep :
lubricent dens%ty densgty i
cm cm”

1 230/78 mixed, granuleted l%camphor 2.45 3.63

2 197/78 -"o _ - 2.37  3.45

3 234/78 -no "~ 2.80  4.09. -~
4 234/78 ettritormilled - 2.72  3.96

5 429/78 mixed -"- 3.72 5.28
6 429/78 mixed, grenulsted - 3.52  5.20
7 429/78 ~"- 0.7%EV-wex 4.22 5.83

8 429/78 - 1'% EV-wex &.17  5.7¢
9 429/78 attritormilled 1% cemphor 3.71  5.42 |
10 412/78 mixed - 4.36 .70}
11 412/78 mixed, grenuletec "= 4.71 5.83 :
12 412/78 —n. 0.7% -"-  4.80  5.91

13 412/78 - 1% EV-wex 5.15  6.07

14 434/78 - 1% cemphor 3.50 5.18

i5 434/78 ettritor, grenuleted "o 3.58 5.21
16 434/78%  mixed, granulated -n. 3.72 5.45

17 503/79 M- - 3.52 5.20

*Praction <1 um sifted off and removed.

The bulk and tep densities are primaerily e function of the

grain size of the starting W powder. Finer powders result

in decidedly lower bulk and tap densities. The mixing or

ball milling methods have only & minor influence. Attritormilled :

products have slightly higher densities. Granulating the o

i charges lowers the bulk and tap densities somewhat. A further '
influence is exerted by the type and amount of pressing

' lubricant. Distinctly lower powder densities are observed

gy P




for cherges with camphor than for those with HV-wax. Charges
with greater amounts of pressing lubricant and medium W
powder grain sizes have lower bulk and tep densities, while
those with coarser W powders have higher densities.

2.3._Compactibility:

For the compactibility tests a 150 ton cepacity hydraulic
press with a pressing die for standard temsile strength bars
was used. The pressing die (see Fig.6,7) is of a quality
corresponding to that normally found in the Pm industry.
The die &s well as the upper and lower punches are exactly
guideé in the pressing frame. Thus & uniform filling of the
sowéer semzle end neerly frictionless cressing ere sossible. .
is pressed simulteneously from sbove end from ‘ i
nelov s¢ thet the neutrel - that is, the section where the
cowder perticles do not move reletive to ine die well - lies
exzctly in the middle of the pressed semple, & ber 5-€ mm
thick.

Tre green densities for the verious pressed samples were
determined by the Hg displacemént method developed in our
institute. The method gives reproducible results and, es
opposed to the usuel determinetion in weter, requires no
rretreztment to seel the pores since Hg neither wets the
green compeécts nor does it penetrate into the pores.

The results of the compactibility tests ere summarized in
Teb.3. Pressing faults, meinly as cracks in the green compact
perpendicular to the direction of the pressure, are noted

es appropriate. The charge numbers correspond to those in
Teb.2. ‘
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Fig.6 Pressing tool with a pressing frame for standard temsile
strength bars.




Fig.10 Sintering furnace for temperatures up
to 1600°c.
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Green densities for different avplied pressures.

Charge Green density (g/cﬁB) at pressures (ton/cmz) of

1.8 2.2 2.7 3.4 4.0 4.7 5.35

1l crumbling of the green compects at all pressures

2 - :
3 -"- -
¢ _n_ :
z c.31 2.63 10.12 10.257 10.70 -7 -

£ :.58 .87 10.2¢4 10.57 1c.38  11.38 11.€2%

7 crumbling

z 2.3 c.8€ - 1C.71 - -t -t

S .48 S.T4 10.12 - 10.787 -t -t
10 .26 10.26 11.12 11.69 12.02 -t -t
il 10.41 10.92 11.35 11.81 12.25 12.56 12.81
12 10.35 10.53 10.85 11.51 11.81 12.18 12.so0%
13 10.91 11.29 11.72 12.22% 12.s5% -t -t
12 9.34 9.65 10.15 10.53 10.73 11.06 11.38
15 9.34 9.65 10.15 10.53 10.73 11.06 11.38
16 9.52 .90 10.38 10.78 11.02 11.36 11.55
17 9.30 .66 10.14 10.48 10.75 11.10 11.38

+ Compression cracks perpendiculer to direction of pressure

Cherges with very fine W powders (1-4) could not be compected.
f The resulting green compacts crumbled even as they were
expelled from the die. Powders with grein sizes neer 3 or

14 um can be pressed quite well though at higher pressures

the eppeerance of more compression cracks were observed.

The compectibility is improved end the densities are increased
as W powders of larger grein sizes are used.
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As can be seen from the velues in Teb.3, charges with W
grain sizes near 14 um have markedly higher green densities
than those near 3 um. The removal of the superfine fraction
(<1 am) by eir clessification from & 3 um powder (2 % of
the sample) resulted in noticeably improved compactibility-
compare Fig.8 and 9. However, for industriel purposes the
removal of the superfines is hardly practical because of the
involved and costly procedure.

As further cen be seen from Tab., 3, with Hv-wax instead of

cemphor &s & pressing lubricént, higher green densities are

obteined. However, semples with HV-wax tend to have more -
compression crecks. ore lubricent (1 % rather then 0.7 %)

]
(B}
‘s

eers to reduce this tendency towzrd crescking.

Trne blending trestment seems tc be an imsortent fecior in

{

obteining higher green densities exné inhibiting compression
creczs. Attritormilled products ere slightly less compactible.
The grenuletion treetment proved to be adventegeous when

done properly: recent tests heve shown thet thorough drying
of the grenuleted samples is essentizl for good results.

Even &t higher pressures no compression cracks appeared in
the well dried samples, while those with even slight amounts
of residuel cyclohexene showed a.prcnounced tendency towerd
compression crecks. Using thoroughly dried grenulated samples,
the most recent tests (Charges 14-17) ell produced flawless
green compects.

The dependence of the green densities on the pressure is
shown in Pig. 8 and 9 (Cherge numbers es in Teb. 2 & 3).
Solid lines indicate flawless green compacts, broken lines
the eppeerence of compression crecks.

- em e e ws emVar am e e mm et e e o - e

The pressing behaviour of heavy metel cherges is determined
by e variety of factors. Above all the grain size of the
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W powder is important. FPine W powders, which generally

have higher 02 contents, are unsuiteble for compacting and
ceuse severe compression cracks. The poorer compactibility
of the finest powders might be linked at least partially
with the greeter emounts of O, present. A correlation exists
between grain size and O, content. (due to oxygen pickup)

Though with increesing grain size not only the compactibility
is improved, but also higher green densities are obtained,
for the febrication of heavy metels coarser W powders are
not generelly used as the sintered compacts should have the
finest structure possible. This cen best be obteined by
sterting with e finer W powder. '

Higher pressures increese the tendency towerds compressien
crecxs, however, it earpeers thet eppropriete oretrestment

of the powder charges -- intensive blending, granulstion
end cereful drying of the grenulete -- can result in sound
green compecis. The higher green densities obteinable with
grester pressures would be of techrnicel interest es ihe
denser green compects shrink less during the liquid phese
sintering, tend to distort less, and thus can be mede within
nerrower tolerance limits. Highest pressures are however
not commonly applied industrially, 3.5 "con/cm2 generally
being regerd es the upper limit. The benefits of greeter

green densities et higher pressures ere outweighed by the
eccompanying decrease in tool life.

In our tests various meesures were tzken to improve green
densities at constant pressure. The results show thet naturel
wex is better than ceamphor for increesing green densities

but poorer in regerd to inhibiting compression cracks.
Granuletion ceuses & slight reduction in pressed densities,
but very decidely inhibits the formetion of compression
cracks. Attritormilled powder cherges exhibit & somewhet

H 7 -
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poorer compactibility but the effect of the ball milling
treatment is not strong.

These results are in good agreement with those reported in
the literature. Although nothing seems to be reported on
pressing behaviour of heavy metal charges, A. R. Poster (9)
does give a detailed discussion on the pressing of pure

W powders.

According to Poster, the pressing beheviour is primarily e
function of the grein size and shape, with the grein size
distribution being &lso of importence. He too notes thet
finer grede powders ere more difficult to compeact then the
. For ine szze comgecticn pressure higher

S ere otteined from coerser gredes, and et
ine sexme time the tendency towerds ccmpression crecke de-

e

creeses. The influence cf the grein size is-as in pure W-

most pronounced in the 0.8 - 4.4 um renge. With grein sizes

ve 8 um the influence become much less significent.

unded greins result in better green densities, but the green
mpects neve & lower strength.

(@)
O
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3. Sintering behavior:

To determine the optimum sintering parameters standard

tensile strength bers 5-6 mm thick were used. All specimens
were pressed from charges with the uniform composition

90 wt 4 W, 6.7 wt 2 Ni and 3.3 wt % Fe. The green compacts

were ell sintered in & H2 atmosphere. W powders 434/78 and
503/79 with mean grain size near 3 um were used for the charges.
The following optimal preparation procedure, es determined

by the previously described test series, was used:

The starting metal powder with 1% cemphor added as pressing
lubricant wes wet mixed with cyclohexane for Bh in a pug
mill. Kest of the cycichexane wes then evaporasted and the
damr rowder grenuleted, then cerefully dried. £11 seamples
were compected at 5.15 to/cm2. In every case sound green
ccempects were obtained.

The sintering furnece, constructed in our leborstories, is

e muffle oven (Fig. 10) with e No heet conducting coil which
vermits temperatures up to 1600°C. Becesuse of the Mo coil

the furnece must be operated in.e& reducing estmosphere. For
gll tests technical H2 (no special purification, dew point
~15°C) was used. The furnece temperesture could be meinteined
et better then ¥5°C over extended length of time.

The furnece is equipped with & shutter arrangement that
allows the green compects to be shoved into the heated
furnece through the different zones. The green compacts are
trensported in Mo boets coated with 41,03 to prevent
sintering joins. By slowly pushing the samples in the ap-
propriate zones, the sintering temperature can be reached

et whatever speed might be desireble, and the compacts can
be held at some perticular temperesture for any length of
time necessary. In general the samples were held 20 min at
400°C to remove the pressing lubricant, afterwards they were
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brought up to sintering temperature at different rates and
were held for different length of time at different sintering
temperatures. Cooling could be accomplished quickly by
moving the samples directly from the hot zone to the cool
zone. The slowest cooling rates were achieved by leaving

the semples in the heated zone but turning the furnace off
and letting them cool down as the furnace did. Fig. 11 shows
schematically the time/temperature diegram (cycle 1) used

for sintering the first samples.

For rapnid heasting the samples were shoved directly from the
lubricent bake out zone into the high temperature zone, in
which they reached sintering temdperzture within 2-3 min.

>
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emperature range olC to 200C°C soc they could be rapidly

ot

brought up to the sintering temperesture. The sintering point
is eesily recognizeble for the neevy metel samples: the
initially light, shiny semples sudéenly eppeer dark. Known
in the literature &s the "Silberblick" effect, this is due
to the liquid phese thet forms st the sintering temperature.
It fills the pores of the green coxmpact meking the surfeace
szooth end less redient. The exact temperature of the bars
during sintering wes checked with an opticel pyrometer. It
egreed well with the tempereture registered by the furnace
reguletor.

After the liquid phese eppeered the samples were held for

the desired length of time &t sintering temperature, then
cooled. During a quench cooling process, the specimens were
pushed out of the heating zone into the cooling chamber es
already described above. In the cese of slow cooling the
furnece was switched off without removel of the specimens.
The temperature in the furnace first decreases relativly
rapidly and after just a few minutes the eutetic melts freeze.
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Fig.13> Temperature / time diagram for the heat
treatment.




About 30 min later the temperature is 1200°C. From this

point on the tempereture falls more slowly -- the 1200 - 800°c
renge, where interesting precipitetes might be expected,

is trensversed in 4-58T, The samples shich were slowly

cooled were removed from the furnace only after the tem-
perature had dropped below 400°¢.

____________________ mpacts:

_ With only & few exceptions where the sintering temperature
was too high, the samples retained their original shape end
were neither distorted nor deformed. However they had visibly
snrunk. Initielly the Hg displecement method mentioned ebove
vze useé to cdetermine the sinter compect densities. Wren

tnis method wes cozpered with the weter displecement method
tncugh, i1t wes seen tznetl the Hg veslues were uniformly 0.1 g/cm3
celow these messurel in weter. For the sintered W srecizens

the Hg values were elso somewhet less reproducible. These
ifferences are due to the fact thet Hg does noi wet the
surfece of the comdects, leaving residuel surfece pores un-
fillecd, ené ir some ceses smell eir bubbles trapved on the

urfece.

1]

However, for determining the densifies of green compects
which are extremely porous, the Hg method gives relieble
results beczuse there mercury's inebility to wet the surfece
end fill the pores is en advantege.

The sinter compects were then checked for herdness (Hv 62.5)
tensile strength end ductility.

3.3.1. Preliminery tests:

The first tests were made with sinter charges from different

¥ powders but with & uniform composition of 90 wt & W, 6.7 wt % Ni

end 3.3 wt % Fe. The green compacts from these charges were




-18-

compacted at different pressures, then sintered at temperatures
between 1430 and 1460°C for different lengths of time. In
these initial tests the samples were always heated repidly
after lubricant bake out to the full sintering temperature,

and after sintering then were cooled quickly. These test
results are summarized in Tab. 4. For the numbers of sinter
charges used as well as the W powder type and preparation
method, refer to Tab. 2.

Densities eand herdnesses of different sintered W-Ni-Fe powder

zixtures.
sint. sint. ccmpaction sint. residuel heréness
Cherge gemp tice Doressure for‘ density porosity Hv62.5
C zin. greensconmpact g/cx”
to/cm

1.71 16.89 1.43 292
2.11 16.93 1.21 292
2.71 16.92 1.23 294
2.97 16.94 1.29 295
4.02 16.95 1.10 299
1.71 16.90 1.37 292
1.97 16.90 1.37 295 |
2.11 16.92 1.23 318 '
2.56 16.93 1.19 321 |
2.97 16.98 0.92 321 |
2.11 12.84 25.1 114 i
2.52 12.98 24.3 115
2.97 13.13 23.4 124
3.37 13.40 21.8 141 ]
1.71 13.07 23.7 124
2.11 13.11 23.5 133
2.52 13.25 22.6 137
2.97 13.88 19.0 142
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sint. sint. compection sint. residual hardness
Charge gemp t@me pressure for dens%ty porosity Hv62.5
c min. greencompact g/cm
to/cm
90 3.37 14.27 16.7 182
1440 30 5.35 15.57 9.1 276
L 1460 30 5.35 16.98 8.8 282
: 11 1460 15 1.80 16.72 2.39 295
| 2.20 16.78 2.08 304
5 2.97 16.73 2.35 303
4.02 16.85 1.68 308
4.70 16.88 1.57 310 3
5.02 16.86 1.58 311 ga
30 2.20 1€.92 1.30 293 : )
2.52 1€.92 1.24 293 :
2.70 1€.9€ 1.04 298 i
3.37 1€.95 1.10 297 :
4.02 16.96 0.99 300 :
4.28 16.96 1.00 298 :
5.35 16.98 0.92 302 :
5.80 16.98 0.88 301 5
45 1.80 16.98 0.92 290 :
3.37 16.98 0.89 292 :
4.02 16.99 0.85 293 :
4.70 16.98 0.88 292 E
60 2.52 16.98 0.91 287 :
3.37 16.98 0.92 288 :
4.02 16.99 0.84 289 B
5.35 16.99 0.85 291 E :
300 3.37 17.07 0.38 271 :

-

These tests showed thet temperetures of 1430 and 1440°C

ere insufficient. The liquid phase sppeers first at 14SO°C.

At 1460°C nearly nonporous sinter compacts are obtained. At
sufficient sintering tempereture the sinter compacts appear
shiny and silvery, below thet they are still grey. The sintering
tempersture of 1460°C seems to be rather too close to the
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minimum necessary for liquid phase formation, later tests
were thus done at 1470°C (see below).

FProm the sintered specimens listed in Tab. 4 no useful
tensile data could be obtained. The compacts were so brittle
thet some of them broke even before they could be fully
mounted between the claps of the tensile tester. Even when

it was possible to mount & compact in one piece, no measurasble

elongation ( values<0.l %) end thus no meaningful ultimate
tensile sirength values co6iild be obtained.

Photogrephs of microsections (Fig. 12z-124) from various
sintered semples in these series show thet 'at 1460°C neerly
nonporous sinter cozpects ere obteined. In the microgrephs
tze grein coersening of the W compects during longer
sirtering is cleearly visitle. In the sinter cherges from

the 14 um powder the greins ere obviously lerger after 60 min
sintering time then efier only 30 min. The microphotogreph

of the charge sintered for 300 min shows very coerse W greinms.
The cherges conteining W powders with mean grein sizes

of 3.14 um show & pronounced grain growth. Here the W grains
neve, efter only 30 min sinteripg time, reeched an everege
size >10 um.

As described above only sinter compects with very unsatisfectory
properties could be obteined in these preliminsry runs. The
ductility wes perticulerly poor. To find the causes of these
dissetifying results, further investigetions into the in-
fluences of various paremeters on the properties of the

sinter compacts were necessery.

3.3.2. Influence of a postsintering heet treatment:

Cherges from W powder 434/78 (meen grein size 3.13 aum) with
1 % cemphor pressing lubricent were mixed in the pug mill
or attritor milled, then uniformly grenuleted and pressed

R with 5.15 ton/em?. All semples were held et 400°C for 20 min
to remove the pressing lubricent, then repidly brought to
the sintering tempersture of 1470°C where they were held




: 14 um, 900 min.

Fig. 12a - 4 Metallographic sections of samples sintered
at 1460°C for different length of time. Sintering
durations and average W grain sizes ( 14 or
3,16 am) are noted.

Magnification : 250 x




for different length of time and then cooled.

Por one charge the superfines (<l/um) were sifted off prior
to mixing and granulating. The superfine fraction accounted
for only & few percent of the total, but we hoped thereby
to obtain sinter compacts with better properties.

The finished sinter compacts were reheated to 1000°C, held
there for 30 min, then slowly cooled in the furnace (see
Pig. 13).

The mechanicel proverties of these sinter compects were
meesured and ere summerized in Tab. 5.

ilechanical droperties ci the heet <‘reeted sinter compacts
(repid heeting &nd cooling prior to end following sintering
et 1470°C)

Heet treatment: reheeting to 1000°C, holding for 30 min,
then cooling slowly.

sint. sint. HVg, o demsity temsile elongetion
tgmp. time : /cm3 strength %
C min & N/mm2 geuge length 25mm
Sinter charge--mixed end granulated
1470 15 299 17.10 705 0.4 !
30 305 17.06 700 0.7 j
€0 297 17.06 674 1.1
120 292 17.06 668 0.8
Sinter charge--superfines sifted off, powder blended and
1 granulated
| 1470 15 292 17.07 736 2.0
30 296 17.07 742 2.5
60 298 17.05 711 1.3

120 294 17.03 668 1.5
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sint. sint. HVg, 5 density tensile elongation
temp. time . ) g/cm3 strength %

¢ min N/mm2 gauge length 25 mm

Sinter charge--attritor milled and granulated

1470 15 297 17.06 633 0.7
30 293 17.06 646 0.7

60 293 17.03 624 0.8

0.7

. 120 289 17.03 642

As cen be seen from these results the subsequent heat
treetment- brought no definite improvement in the ductility.
Tests in which randomly chcsen specimens were renested to
2220-1300°C, or only o 800-1000°C, end then slowly ccoled

until the tempereture fells Telow 400°C) gave no

y -
9

er resultis. Thus, the brittileness of the sinter compects

- b
ie zprerently not cue to &n unfevoureble cooling refe.

Further, tests showed that sifting off the superfines from
the W powders brought no measursble improvement. Similarly
the Ddretreatment--mixing or milling--had no apprecieble
effect on the herdness or the sintered density. It is note-
worthy that the sintered density in &ll three cases decreesed
slightly with extended sintering time. Attritormilled sinter
cherges result in sinter compects with measurably lower
tensile strength. The duetility weas in &ll ceses poor,

only those cherges where the superfines were sifted off
showed better ductilities.

3.3.3. Influence of the lubricent removel conditions:

The possibility thet the brittleness of the compacts might
be due to residuel C was considered. If the temperatures
were increesed too repidly for the pressing lubricant to be
fired out, traces of C could remein. To check this, green
compacts from 90 wt % W powder 434/78 were mixed, granulated,
pressed (5.15 ton/cmz) and fired out with extreme care:
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over a period of Bhr they were brought from room temperature

to 800°C then rapidly reised to the sintering temperature

of 1470°C where they were held 30 min. Some sinter compects
were cooled quickly, some slowly in the furnece. The mechanicel
properties of the products from this test series are given

in Tab. 6.

e v oty

TABLE 6

Mechanicel properties of the sinter compacts mede from green
compacts with the pressing lubricent cerefully removed.

Sintering temperature: 1470°C, sintering time: 30 =min

Densiiy Tensile elongation 4
. 3 sirength %

g/cr” e

) N/omf geuge lengin 25 mm

lutricent besked out
slowly, cooled repidly 17.0¢ 493 . 0.2
efter sintering

slow beke out, cooled
slowly after sintering 17.07 668 0.4

repid bake out, cooled
slowly efter sintering 17.07 749 3.0

The cereful removal of the lubricent from the green compects

elso brought no improvement in the ductility, nor did the

speed with which the compects were cooled down from the

sintering temperature appear to heve & noticeble effect on

the ductility. Contrery to the case described in Teb. 5

where the repidly cooled sinter compacts received e subsequent

heat treetment, in the tests here the sinter compects were i
not reheeted but were simply cooled very slcwly. This

measure however brought no improvement in the properties of

the finel products.

-t , |




C enelyses of various sinter compacts, with lubricent both
rapidly and slowly fired out, showed very slight C contents
ell in the renge of 16-53 ppm (analyses courtesy of the
menufaecturer of the W powders). No correlation between the

C contents and the ductilities of the sinter compacts could
be found. Thus the possibility of too much residuel C causing
the low ductilities could be excluded.

3.3.4. Alloying additives in the binder:

Lttemps were mede to improve ductilities by adding different
metels to the Ni-Fe binder. The emount of additive wes elways
2.2 wt % of the birder fraciion, which is 0.02 w: % relestive

er zdditives in the‘form zf fine
sowisrs (30 um) frcz Co, Cr, Vo, V, and Cu were tesied. To

u £ ell conmporents,

o) he ettritor, then

d, dried, ené pressed 5.15 ton/cz” to siendard

N ot

tensile
2C =in et 400%C, then the compects were repidly brought ud
tc the sintering temperasture and repidly cooled after
sintering. All sinter compectis were subsequently heat
trested (30 min at 1000°C followed by slow cooling).

is cen be seen from the values ir Teb. 7, in certeain ceses
improvements were reelized.




Mechenical properties of green compacts with different
metallic doping additives.

Each sample was attritormilled for 15 min, granuleted,
compacted at 5.15ton/cm2, repidly heated to sintering tem-
perature.(l470°C), sintered, cooled rapidly.

Subsequent heat treatment: reheating to 1000°C, after 30 min
slowly.cooling.

sint.temp. sin?ering _density tensile elongetion
0% dre g e g
T/ o geuge length E
25m
Cherge with C.02 % Co 4
12470 15 17.06 754 1.5 g
30 17.05 726 1.4 i
60 17.06 680 1.0 é
120 17.04 674 1.6 ]
Cherge with 0.02 % Cr ;
1470 15 17.07 903 10.1 j
30 17.05 888 11.1 ?
60 17.03 792 11.4 2
120 17.03 814 6.1 ‘
Charge with G.02 % Mo
1470 15 17.06 794 1.3
30 17.07 733 1.4
60 17.06 743 3.3
120 17.05 692 1.7
Charge with 0.02 % V
1470 15 17.08 936 9.8
30 17.06 923 10.2
€0 17.07 956 13.1
120 17.05 892 10.0
Charge with 0.02 % Cu
1470 15 17.01 822 1.1
30 17.07 762 1.4
60 17.06 704 0.8

120 17.06 742 1.3
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While additions of Co, Mo end Cu brought no apprecieble
{ improvement in the properties of the sinter compacts,
| additions of Cr and V gave surprisingly positive results
in the ductility. Elongetion values up to 10 % were obteined.
The tensile strength of the compacts with Cr end V are
elso much better then those of others (Tsb. 7). Recent tests
reconfirm our experience that prolonged sintering ceuses
a slight decrese in the density and the tensile strength.
Longer sintering times ere, as also noted in the literature,
unsuitable for the fabrication of W heavy metials.

Tests nhave shown thet the originelly surprising effect of
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H 3.2.5, Effect of the residuel cxygen:

Residuel oxygen cen &ffect the ducti

lity of the heevy metel
compectis in several different weys. It is known from the

r litereture thet coxygen levels of even several hundrec pom
cen ceuse embrittlement in Ko. A negetive effect on W is
known too. Residuszl oxyg.n cen eccording to the results

reported below elso effect the binding forces between the

W greins end the binder phase in the heevy metal.

The siesrting powders all have rather high oxygen contents,
generelly in the form of thin oxide leyers on the grain sur-
feces. Anelyses showed oxygen levels between 250 eand 300 ppm.
The Ni and Pe powders hed much higher oxygen levels. However
since the compacts ere sintered under H, and the oxides of i
all three elements are eesily reduced, the oxygen is
usually removed.




It is conceivable that too rapidly heeting the green

compacts leaves the deoxidation incomplete. The first liquiad
phases, which are near the surface, could trap the HZO al-
ready formed inside and prevent further H2 from penetrating
into the compact.

Therefore tests were made in which the compacts were slowly
heeted, particularly in the 800-1000°C range where rapid
reduction occurs. Here the compacts are still porous and e
thorough deoxidation is possible. W powder 503/79 (meen grain
size 3.05 um, O, level 260 ppm) wes used in the usual
(90 wt % W) vroportion. 1 % cemphor wes azdded to the cherge
wnich was wet miXed In the tug mill, grenuleted, dried and
ccmoected v 5.15 ton/cmz. Tre green :om;acts were placed in
the colé furnece In X, and slowly neeted. Sufficient time
Tzriing tut tne :ressing luczricent.

0 reach the sintering tempereture,
going from 800 to 1000°C tock over 27T, Thus enough time
wes available for reducing the Oxygern level through reaction
with H, before sintering occured. The tempersture/time
orofile for these tests, "Cycle 2", is given in Fig. 14.
Wnen furnece temperature reached &ébout 1400°C ihe samples were
temporarily held in e ccoler zone until the exasct temperature
for sintering wes reeched in the furnzce. Then the compacts
were returned to the sintering zone for the specific length
of time desired.

These sinter compacts have better ductilities (Table 8)

then earlier ones similerly prepared but repidly heated
(compere Teb. 5). The rate &t which these compacts were cooled
also affected the ductilities: slowly cooling the compacts
about doubled the ductilities.
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Fig. 14 .eosv...:.,i.swo / time diagram for sinlering cycle 2.
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TABLE 8
l Mechanical properties of samples slowly heeted to sintering
temperature.

(W powder 503/79, 90 wt % W, 6.7 wt % Ni, 3.3 wt % Fe, 1 %
camphor, wet ground in a’'pug mill, grenuleted, compacted
with 5.15 to/cm?®, sintered at 1470°C for 30 min)

densigy Hvg, 5  temsile elongation

g/cm strength
: N/mm~  geuge -length 25 mm
rapidly cooled  17.05 306 - 858 . 11.3
slowly cooled 17.06 315 998 22.4

Prom this seme cherge further green comdects were macde
(5.15 to/cmz) end sintered et diffsrent temperetures for
different length of iime fo deterxine the 6ptimel conditions.
£1]1 samples were slowly neeted to sintering temperature

end slowly cooled efter sintering (sintering cycle 2 in

Fig. 14).

— e ey  me = e -

Nechanicel properties of compeacts sintered with different
times end temperatures but slowly hested and cooled.

Prepesration of green compacts as in Tab.8. Each value in
Tab. 9 is the average of measurements made on 5 individual

samples.
sintering sint. density Hv62 5 tensile elongetion
tempsrature time g/cm3 * strength
c min N/mm2 gauge length 25 mm
1430 30 16.29 293 627 0.2
! 60 16.48 298 624 0.4

90 17.00 302 816 . 0.6
1460 30 17.10 306 994 24.7

60 17.10 305 985 25.3

90 17.09 301 924 17.2
1490 30 17.11 308 950 20.5

60 17.07 303 s88 27.7

90 17.08 297 898 18.3




60min
. 1 1 ]"_ ] 1 [ ] ¢
4 \
3 H
300‘ - r
2 N
¢
JS
I .
20t 60 min - 90min
730 ke A%

and time.

T Y " A M

Temperature °C

Fig.15a Density and hardness of slowly heated and cooled
samples as a function of sintering temperature




1000
~
s
> 3o}
<
o
$ wof
&
V)
2
2 7001
2
30min 60min 80 min
¢00 -
'wo § M ) - 1 i { 1 -
4
30+
N
5 20t )
©
e,
| g
R
Wl
10 . ] .
30min 60min SOmin
] ] ] 1 o } S
0 1460 ‘l‘ﬂi> 4540 41430 4430 A48 A0

Temperature °C
Fig.15b Tensile strength and elongation of slowly heated

and cooled samples as a function of sintering
temperature and time.




The individual results of the five semples tested for
eech of the values in Tab. 9 are shown in Fig. 152 and 15b.
The nerrow spread for each set of values is apperent.

The better ductilities obtained by slowly heesting the
samples were assumed to be due to the better deoxidation

thereby possible. However, comperstive Oxygen analyses,
made by the manufacturer of the W powders, showed no
correlation between level of residuel Oxygen and ductility.

TABLE 10

Oxygen levels in various sintered samples.

Charge ©tlending ireztment sintering conditions elcng.
basis

u 2
NS AV
2]

nezting igzmp. time cooling %

o
C min

434/78 mixed, grenulasted repid 1470 30 repid+HT 0.7 54

434/78 -"- repid 1470 30 slow 0.4 57
4324/78 ettritormilled razié 1470 30 repid+HT11.1 85
+0 .02 Cr

503/78 mixed, granulstes siow 1470 30 repid 12.3 353
503/78 -"- siyy L7 20 zlow 22.4 25
503/7° . slcw 1460 30 slow 24.7 3L

As shown in Teb.9 1430°C is epperently insufficient for

k sintering, nonporous sintered samples are first obtained

' et 1460°C. Although their ductilities are relatively poor,
the still porous specimens "sintered" below 1460°C have
surprisingly high tensile strength.

| ' As can be seen in Fig. 152 end 15b, sintering at 1460-1470°C
) for 30-60 min appeers optimal. The final density is reeched
' quickly at & sufficient sintering temperature end remeains

’ practicelly constant with increased time or temperature.

Especially the hardness, end, to a lesser extend the tensile
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strength, decrease as the sintering time is extended.
The best ductilities are obtained by sintering for 60 min,
after which they too decrease.

Increasing sintering temperatures for a constant sintering
time cause decreases in hardness and tensile strength, only
the ductility;benefits somewhet. As can further be seen from
Tab. 9, for well sintered samples & direct correlation
between tensile strength end ductility appears to exist
samples with higher tensile strengths élso have better
ductilities.

This rether unusuel positive correletion between tensile
sirength end ductility, znd their wcrsening with increesed
sintering intenmsity ({ime end fe-perature), had slso been
ctserved in some of our earlier wcrik (12). This phenomenon
is due to grain coersening that :trcgresses with the
sintering intensity. The finer siructiures have better
tensile strengths end ductilities.

3.3.5. Metallogrephic investigetions:

Mletellographic sections of differently prepered samples
reveal their structurel differences. While very regular
structural features (Fig. 162) ere seen for the semples
which were slowly heated to the sintering temperature,
intermediate layers between the W grains and the binder
phase can be observed for the repidly heated samples (Fig.1l6b).
These layers are in the form of rings, epparently indicating
a poor contact between grein and binder. Scenning electron
microscope (SEM) studies confirmed this (see below). In

the rapidly heeted samples impurities or precipitates on

the grain boundaries of the bridged grains are visible

(Pig. 16c). SEM photographs (shown below) confirm the low
strength of these bridges. These visible boundary lines
could, as Huppmenn(9) presumed, be thin layers of the
binder phase which due to coalescence passed through one

of the adjoining greins.
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In parts of the rapidly heated but slowly cooled or sub-
sequently heat treated samples, lemellar precipitates in
the binder phase can also be observed (Fig.l16d). In botk
the rapidly cooled and the slowly heated/slowly cooled
samples no lamellar precipitates were found.

For a series of samples prepared under otherwise constant
conditions (slowly heating, sintering at 1470°C, slowly
cooling) but sintered for different lengths of time, the
photographs clearly show the grein coersening (Fig. 17e-174d).
The greins of the 3 um sterting powders show cleearly,

times (semples cooled shortly
--"Silbterblick" effect-~

even efter very short sintering
es
for 2 min sintering time). uniforz greins cf gbout 15 um.

efter erppeerance of licdd ohes

With extended sintering the grzins coniinue to grow but

not at the same reie (Tet. 11).

Grain sizes (see text below) of ihe W greins in samples
with different sintering times.

W initial sintering sint sint. finel average
powder grain cycle temp. time grein size
sizeum “C ain mm
434/78 3.13 1 1470 2 14.8
ko) 20.2
60 23.6
900 60.3
503/79 3.05 2 1460 2 14.6
30 19.1
60 23.2
S0 24.2
1490 - 30 20.1
60 23.4

S0 25.9
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Fig.17¢ 1470°C 60 min Fig.17d 1470°C 900 min

: Fig.17 Metallographic sections of slowly heated and cooled

. sazples prepared from powder 434/78 and sintered
for different length of time. 220 x
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The grain sizes were determined from sample sections etched
with a CuSO4 solution. For each specimen the W grains in

9 perallel 0.6 mm strips were counted and, taking into
consideration the area due to binder, the average grain
size was celculated. Sincecut greins tend to appear smaller
then they really are, the values from this method are only
relative, but still quite suiteble for comperisonms.

The rete of heating before sintering does not seem to affect
grein growth during sintering. At higher sintering temperetures
a slightly fester rate of grein growth is observable. Leter
investigetions will explore methods to slow or stop the
undesireble grain growth with dcoping edditives.

3.3.6. Effect of the cooling rete:

As elreedy mentioned, the rete c¢f cooling the specimens

efter sintering 2lso has significznt effect on the duciility.
If the specimens heve & high dudility, the cooling rate
influences the structurel development in the binder phese

end thus its herdness. According to Holtz (3) good ductilities
in heevy metals ere eschieved when the W greins end the

binder have compersble hardnesses, while poor ductilities

ere observed for strongly dissimiler herdnesses. To test

this theory the microhardnesses of the W grains end the
binder pheses in sintered specizens having various ductilities
were measured (Tedb. 12).




TABLE 12

_—emm s wmm e e o e

Nicrohardness values for W greins and binder pheses from
differently prepared sintered specimens.
(uniform sintering temperature of 1470°C end time of 30 min)

W sintering heat microhaerdness elongetion -.
Powder treatment treatment W grein binder % '

gauge length 25 mm

428/78 cycle 1 - 318 212 0.4
434/18 —"- - 312 198 0.2
434/78 L 20min 1000°C33e 270 3.2
434/78 +

0.02 Cr  -"- 30min 1000°C32¢ 275 13.2
203/7%  cyclie Z - 320 €7 25.1
5¢3/72 -"- - 312 270 27.€
"Cycle 1" corresponds to & repid hesting end raxid cooling
of ithe semple (see Fig. 11), "Cycle 2" ic slow heeting end

1

cooling (see Fig. 145.

Ls cen be seen from Teble 12, binder herdrness for semrles
which were slowly ccoled or which underwent & heet trest-
ment is grester, btut the W grein herdness is not eporeciably
effected by the postsintering treetzent. Thus, the slow
cocoling rete improved ductilities by lessening the difference
between grein herdness end binder herdness.

The most importent influence though seems to be the slow
heeting, by which, &s previously discussed, through de-
oxidetion occurs. Otherwise similerly hendled semples (reapid
heeting, subsequent heet treetment), but one with and one
without Cr additive in the binder, showed distinctly different
ductilities for essentielly the seme difference in herdness
between W greins end binder.




3.3.7. Wettability tests:

The hardness of the W grains is not, es wes first thought,
e function of the deoxidation. Thus, &n embrittlement of
the W grains cannot be the ceusé of the lower ductilities
found for samples which apparently still céntained 02. The
likelier cause is a lower eadhesive strength between the
binder and the W grains due to poor wetting of the W grainms
by the binder during sintering. The distinctly poorer
wettability of oxygen containing W greins is known from
Huppmenn's investigations(8) in which rounded, very coarse
W greins were used. |
es Irn itne weitebility of W grains
17 Ters ¥ pure W were cressedé from
17T et 1200°C so

2t they were st culte ocorius, Trese sintered bzrs were
diczed verticelly Into liculd tinder zllicy et ISSOCC. The
relztive height to which the liculéd Tinder rises in the VW
n i ility of the W greins.

13

ié

bers should indicete the reletive weiieb
owever, our bers were 211 thorcughl
impossible, using cur powders, tc rress bars sufficiently
long (>30 cm) to be used for ihis fest and it hed to be
discontinued.

Prom the preliminery test it is eslsc evident that the
wettebility seems to be more then sufficient in reducing
H2 etmosphere under which W heevy metals are sintered. Our
tests had elso included W bers sintered in & mixed H2°N2
etmosphere, in NH3 eand in Ar with treces of H2, and all the
bars hed been thoroughly satureted with the liquid binder.

The SEM photogrephs of frecture sections from the tensile
strength bars described below cleerly indicete differences

in adhesion in the solid stete though. It should be stressed
here that the reletionship between the liquid phese wettability
end the solid stete interface bonding strength for W and

the binder are not yet fully understood.




3.3.8. SEM micrographs of fracture surfaces of sintered bars:

The poor adhesion between binder and W grains is clearly
recognizable in semples with low ductilities, made by rapidly
heating the green compacts to the sintering temperature.

Fig. 18a and 18b show that the W grains and the binder

phase were literally torn apart where the bars frectured.
Good adhesion can be observed in very few places. As noted
above, a subsequent heat treatment for specimens. so sintered
brings et best only & slight improvement in ductility. In

the SEM photo (Fig.l18c) of such & sample, the W grains pro-
truding from the frecture surfece ere egain visible, the
binder did not adhere to the W greins. There zre only
slightly more signs of zchesicn t: be seen here then for

the recidély ccoled sempdles ie yield for specimeﬂs
cooled slowly 2s well as fcr thoss sutsecuently heat treeted
is, &s would therefore be expecied, correspondingly only
slightly higher.

Signs of & better edhesion beiween W greins end binder cen
be recognized in Fig.l1l8d, teken from the sintered compact
doped with 0.02 % Cr. This semple glso has & much better
ductility.

In SEN photogrephs it cen further be seen that W grains
which had sintered tcgether can 2lso be torn apert (see
Fig. 184 end 18e, &an enlargement of such & W grain). In
these photos an epperent intermediete layer between the
greins is visible. The spots on the fracture surfeces in-
dicate inclusions or impurities (Fig. 1&f).

The fracture surfeces of high ducility semples heated slowly
(sintering cycle 2) look entirely different. The binder
adhers well to the W greains so thet they ere not seperated
when the ber breeks. Instead, the fracture goes through

the W greain (see Fig. 19e and enlergement in 19b).
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Thus the better ductility observed for samples sintered
according to Cycle 2 (slow heating) is due to better adhesion
between the W greins and binder. It is quite probable that
the improved adhesion earises from a better reduction of the
green compact during the slow heeting before sintering.

FPig. 18 SEM photographs of the fracture surfeces of tensile
strength bars sintered as in Cycle 1.

e: W powder 434/78, sintered 30 min et 1470°C, cooled slowly.
Ductility 0.4 %, 1500x. :
b: As (&) tut cooled re ¥y from sintering tempersture,

ductility C.1 %, 300

(@]

¢: Chearge cozed wiih 0.02 % Cr, repidly cooled, ductility
11.1 %, 1500x.

e: As (&), ductility 3 %, 15COx.

Hy

: As (b), ductility 0.2 %, 4CO0Cx.
g: Excerpt from (e), 3000x.

Fig. 19 SEW photogrephs of the fraciure surfaces of tensile
strength sintered a2s in Cycle 2.

a: W powder 503/79, sintered 30 min et 1490°C, slowly cooled,
ductility 27.7 %, 1000x.

b: W powder 503/7%, sintered 30 min at 1460°C, slowly cooled,
ductility 24.7 %, 2000x.
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Fig.184
1500 x

Fig.18e
1500 x

Fig.18f
L0000 x




Fig.18g
3000 x

fig.19a
1000 x

Fig.19b
2000 x
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4. Heavy metals with higher W contents:

Especially high densities for W heavy metels can generally

be achieved by increasing the W content. Alternative measures
such as adding uranum (2) or other specifically heavy metals
to the binder have little effect because the binder accounts
for so little of the entire sample. According to Ariel, Barta
end Branton (10), increasing the W content for a given binder
composition increases the hardness slightly and decreases

the ducility, elsc slightly. Tensile strength is less affected
by the W content.

Qur investigations included test with'95 and 97 wt % W cherges
to determine ineir 05iimal sintering conditions znd the finel
mechenicel troserties. W powder £434/78 wes used end the XNi:Fe
retic in the tinder wes mzintained et 2:1. The preperestion
included the aéditicn of 1 camonor &nd bell milling with
cyclohexene followed by granulatlo-.

4.1. Compectibility of the _high W charges:_

The green densities obteined a2t different compaction pressures
are given in Teb. 13 and Fig. 20.

Green densities from charges with higher W contents at
different pressures.

W content density (g/cm3) at & compaction pressure (to/cmz) of
2.6 3.4 4.3 5.15

95 wt % 11.02 11.58 11.91 11.03"
97 wt % 11.14 11.61 12.01 12.13%

+compression cracks
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Tz.20 Creen censity of heavy metals with higher
W - contents as a function of compacting
pressure. '
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Distinctly higher green densities are obtained with 95 wt % W
then with 90 wt % (compare Tab. 3). A further increase to

97 wt % W hes no eppreciable effect, apparently because the
charges with so much W are so difficult to press.

Contrery to the green compacts with 90 wt % W, some of those
with 95 and 97 wt % W elready had compression crecks when
compacted at 5.15 to/cm?. As green densities are relatively
independent of compaction pressure, we used 4.3 to/cm2 in
order to obtain sound green compacts .

4.2. Sintering the high W semples:
Preliminery tests showed thet 1460-141000, although optimal
for sintering charges with 10 % binder, is apperently too

low for sintering the hign W samples. At these temperestures
<he sintered compects hed 1.5-2 % residuel porosity, while
nigher temperetures geve ncnoeo € sezmples. Thus the high
% samples were sintered et 1690

The green compacts were heeted slowly (Cycle 2) end in genersl
cooled slowly, these conditions neving been recognized by
then e&s being best. For compasrison severel samples were heeted
slowly but cooled repidly efter sintering.

The mechanicel properties of these sinter compects are listed
in Teb. 14.




r——'?'m» -~

-39-

TABLE 14

Mechanicel properties of sintered specimens with higher
W contents.

Samples compacted at 4.3 to/cmz, heeted slowly, sintered
at 1490°C. :

sintering cooling density HVg, ; temsile elongation

time g/cm3 strength %
min > :
) N/mm® gauge length 25 mm
9% % W 15 slow 18.08 317 863 5.1
30 slow 18.0° 312 9€5 3.1
30 rapid 18.08 308 . 906 7.2
60 slow 18.07 312 2298 8.7
90 slow 18.12 305 e51 5.0
120 slow 18.12 302 7€ 6.9
97 % W 15 siow 18.46 283 £73 2.0
30 slow 18.52 316 898 4.2
30 rzonid 18.52 317 840 2.8
60 slow 18.51 312 831 3.3
90 slow 18.55 314 812 2.6
120 slow 18.53 312 835 4.2

The values of the mechenical properties s e function of
sintering time ere shown in Fig. 2la &nd 21b. As ce&n be seen,
for obtaining good ductilities end high tensile strength, 30
min eppears to be the best sintering time. The sintered
density increases slightly with extended sintering. Very

few pores remein, apperently because of the relatively small
proportion of binder, and these close with prolonged sintering.
However the gein in density is much less then the extensive
losses in tensile strength end ductility resulting from the
longer sintering. The hardness elso decreases with increased
sintering time, due to the increased W grein coarsening

which is observed again in these semples.

305838, 2100203 0T P TIT IR R
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Fig.21a Heavy metals with higher W - contents sintered

at 1490°C :

Density and hardness as a function of sintering
tinme.
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Fig.21b Tensile strength and elongation as a function
of sintering time.
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As a comparison between the values in Tab. 11 and Teb. 9
shows, the hardness increases with increasing W content, but
not decidedly. While samples with 90 wt % W have HV = 300-305,
samples with 95 wt % W heve hardnesses sround 310 and 97

wt % W, near 315.

As expected the tensile sirength decreases with increasing
W content, though not substentially. The W content has a
greater influence on ductility. Semples with 90 wt % W have
ductilities of 20-25 %, those with 95 % W just up to 13%,
and with 97 % W only slightly over 4 %. The infiuence of
the cooling rete is elso epparent for the ductilities of
the high W samples. Repid cooling causes distinctly lower
ductilities then slow cooling.

¥
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5. Summery:

The first goel of this project, to febricete sintered heavy
metals with good tensile strengths and ductilities, has been
reached. With 90 wt % W and 10 % Ni-Fe binder in the ratio

23 l, sintered specimens with tensile strengths of 950-1000
N/mm ductilities up to 27 % and densities near 17.10 g/cm
were achieved. With 95% W densities near 18.0 g/cm3 tensile
strength over 900 N/mm and ductilities up to 13 %, with

97 % W densities over 18.5 g/cm3, tensile strengths up to
900 N/mm2 and ductilities over 4 % were ettained.

Extensive tests on the pressing vehavior of the sinter

charges showed the best compeactibility and the highesti green

e
densities are eiteined by adding 1 % cexzphor tc the powder
e e

mixiure end wet tlending it with cyclchexene. This is then eveporszted
till the powGer Is crumdbly, the right consistency for grenuletion.
The granulzste must then be thoroughly dried. Altermatives,

such es atiritor bell milling the powder charge, using other
oressing lubricents, omitting the grenuletion, or incompletely
drying the grenulate, worsen the compressibility. Powders
unfavorably prepered frequently heve compression cracks

even &t lower compection pressures, while properly prepared

powders give sound green compacts at 5.15 To/cmz.

Investigations of meany sintering parameters have shovn that
nonporous sintered specimens ere possible only above 1460°C.
Enough eutetic melt for liquid phese sintering cannot form
below that. Higher W contents (95 and 97 wt %) require an
een higher sintering temperature. Purther, 30 min was found
to be the optimum length of time for sintering. Longer
sintering ceuses too much grein coarsening which lowers the
final mechanical properties.

The deoxidation of the green compeacts prior to sintering has
a substential effect on the quality of the product. The
best deoxidation is achieved by slowly heating the green




compacts in H2 up to the sintering temperature, with &

longer holding time in the 800-1000°C region. Poor pre-
reduction gives brittle sintered specimens with low
ductilities. Residual C, possibly from too repidly beking

out the pressing lubricant, could not be established. Improved
ductilities through doping with reducing metals (Cr, V)

were realized, while doping with nonreducing metels (Co, Mo,
Cu) had little influence on the ductilities. The post sintering
treetment of the samples is elso importent, slow cooling

from the sintering tempereture or & subsequent heet trest-

ment for repidly cooled samples is necessery for favoureble
structurel development in the bincer phese. Adpropriate
ocstsintering heat {trestment eorproxizetely doubles ductilities
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which, &ccording
ductilities.

Tne decisive reelizetion however epreers to be thet the
comzlete removel of oxygen prior io sintering necessary
for ovtaining gooc cuelity neevy zetels. Inferior batches
during »roduction could be due to poor reduction of the
sintering specimens. This point will receive perticular
eattention in future studies.
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6. Further Progrer :

- 0

Following the conclusion of the initiel investigationms, ﬁ
further work will be done to study the influence of doping :
edditives ' on W grein growth during sintering. Heevy metals i
with different binder compositions will be mede end the '
effect of different elloying elements, especially Cu, will

be tested. i

The influence of the sintering stmosphere on the heevy
metel properties will be examined closely. Besides pure H2,
RHB, NZ'HZ mixtures, and Ar atmoscheres, as soon &s the

vecuur: furnece is finished it should be possible to sinter

néer VEcuUn.
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