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vexplaining this phenomenon and to numerous, ittempts to activate the sintering-

ABS;TRACT O

o a {) - ©

The sintering of pux:e and doped boron carbide was investigated over the

temperature range 57898° - 2380°K and at additive levels ranging from 0.75 to’

h
o

10.0 wt%. The addition of 0.75 and 3.B wt% &f NF,, Ni, Fe, and Cu resulted

4

S, ; e ‘
in a deactivation in the Les;t_’nt:er:mg“of boron carbide {all temperatures, In

contrast, the addition of 10.0 wt¥ of these dopancs resulted in enhanced

shrinkage in B4C for the tamperatures 1898° and 213¥K. At the highest
tenﬁperaturé{ 2380°K, . the addition of AIF3" at the 10.0 wt% level was the only

case “where enhanced shrinkage was observed) X-ray anal'j(si.s showed the
o s .

5] -
formation of a 512C2A1 compoy;\fq and the totalf'release: of the fluorine.

L7

These results are interpreted in terms of a grain-bbundary diffusion process

[

for ﬁbu;e and doped boron carbide.

o

1. Lntréduction I

Interest in the utilization.of covalently bonded solids in a variety of

' B ha]
¢ ) g K e . - .
high temperature applications has refocused attention on their sintering

behavior. Materials such as silicon carbide, silicon:nitride, and boren

- N T B
carbide have been considered for application as high stress components in gas

- turbines, as Lysholm expander blades in topping cycles, and as materials in

the nuclear reactor technology.l’2 In contrast to metallic substgncés,
i r 1A
covalent solids are not easily sintered. This has led to various proposals

" -

-

of these materials through alterations of their chemical and iphysical .

characteristicg., -
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“Proposals for explaining the “low "densification associated with the

sintering of covalent solids have included the role of grain - bouﬁ‘_."llary
o 'll} .
“'energyl and point defect formation and wmigrat ionl"6. The latier

N

consideration is explained in terms of, high activatica energy for self

1 -

diffusion in the highly directional bond structuras of covalent salids.
Relatively 1ittl® work has been done on.the sintering of boron carbide.
Stibbs, ef 31.7, showed that additions of up.to 10 wt% Al, Mg, or a metal

boride (e.g., TiB,) plroducé'dmnhc bodies of 99s% of theoretical density
when sintered at temperatures between(¥2h23°:'253‘3°1(. Dzhenclinskii, et 31.8,
on the “other hand, sintere‘d BAC by"ardding up to 10wtk Ti and produced

o

dehsities of 97+% of theoretical.

El

Dzhenclinskii'g vresults also showed a
b .

desirable decrease in the brittleness® of the sintered boron c;;lgide as a

. L. o ... 29,10 .
result of this addition. Grabchuk’ and Kislyi’' ™ demonstrated -that pure
g
boron carbide can be sintered tc densities of 85-957 of theoretical if powders
of less than 3Jym are sintered at f‘empetatures near the melting point. These
authoiss believe that at high temper‘:‘-itures, isovalent replacement cf one

element by the other can take place and would fzcilitate the material

trangport processes. Although Boron is usually ‘trivalent it may also become

tetravalent if it can capture an electron from another element in the compound

13

or an impurity atom. It ‘then produces an electron.c@figuration similar to o

catbon‘ as B, i.e. lsZZSIZp%. - Since carbon and boron have similar

a

atomic radii some of the carbon atoms in boron carbide can be replaced by

11 g

¢

boron atoms

The latest and most éxtemsive research on the sintering of boron carbide

is that of "Borchert and Kerlerlz."iThey studied "the kinesics - of the
B

sintering of boron carbide by shrinkage measurements as a fuaction of

fim



operative mechanism with activation energies of 184 and 422 kj/mol,

. T - i
temperature, ‘particle size, aad green density. Their results showed that che

sintering process for boron carbide consists.of t‘wor eariy stages, 2 middle
stage, andaa late stage, For the first astage of early sintering /qhey
8 N 5 \‘\( B ‘ n

identified the dominant transport mechanism “to be plastic flow swith an
activation energy of 89 kcal/mole. It was also helieved that surface

diffnsion,’ makes a small contribution in the-transport process, specifically at

low temperatures for very fine powders, The second stage of early sintering
was believed to be viscous flow with an activation emergy of 398 kJ/mol. In
the middle stage.the dominant mechanism was determined to be grain-boundary

di‘f‘fusion, and for the late stsge volume diffusion was found to be- the

I

B

respectively, . i

u

11. E}mélizimente.l Materials and Methods ) — ’

A. Materials, High purity powders produced by the Ceradyne “and Callery
Chemisal Companies wera- used to determine the sintering kinetics of boron
carbide. Powders with particle sizes of 2-5ym (High Purity Ceradyne Powder)

and approximately 0.03im. (Callery powder) were csed in a mixture of 25 to

75 wtX, respectively. Mixing of these two powders was. made so as to provide

optimum sintering conditions by using submicron powders and to establish a
range of particle sizes so that the integrity of the presse:i powder compacts
could be ma..intaine;i. Other typical prop&;ies of the powders are listed in
Table 1. A typical impurity analysis showed them to contain Fe, Ti and Zn in
the 150-200 ppm range and others (Ca, Al, 5i) at considerably lower
concentration (50 ppm). ‘

The effect c;f aétivators on the sintering kinetics of boron carbide was

investigated by mixing different percentages of various additives into the

" base material, The additives and percentages mixed in the boron carbide are

v

listed in Table 2.

D
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Table 1

Powder Properties

Vendor o Particle Size, um Surface Area, m2 Jgm Composition
Ceredyne 2-5 ' 2.14 78.1 wt?% B
Callery Chemical 0.03 50 76.1 wt B

" Company 25.9 wtZ €

” Table 2
Sintering Additives
: otk
Additive Vendor Purity Size, Mesh Additive
AlFg Cerac/Pure 99.5% 100 0.751
3.850
10.000
Ni General Chemical 99.5% 325 0,757
3.810
10.000
Fe J. T. Baker Chemical 99.5% 325 0.764
: 3.800
10,000
cu Electronic Space Products, Inc.  99.95% 325 0.771
) 3.800

10.000
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B. Sample Pregaratwion- l‘@ pixture of 25 wt% High Purity Ceradyne powder
and 75 wti Cal’fery powder were‘hlende'd in plaséic bottles with approximately
2.7 wtk polyethyleneuglycol (carbo-wax 6000) in toluene at a volume ratio of
113, respectively. The glycol was used as a binder to help in the pressing. of
the powder compacts. The required weight percent of each additive was added
to this mixture and._allowed to mix “for .24 hr on a ball mill. After mixing,
the powders wexj,‘e;/ filtered and then allgwed to dry in 8 fume hood for
24 hours. The d;'y powders were then ground with a marble pestle in a pyrex
petri dish to break up agglomerat‘gd pieces. The dry ground powders were thén
further mixed in glass bottles fotr 2 hr to assure that the additives wer_é
uniformly distributed;v The powder n;ixtures were stored in plastie bottles for
further use.

Sintering pellets were prassed in a tool steel dye employing a double

piston action to apply a static loéd of 26,7 kN (6000 1lbs) across a 0.6502 em

(0.2560 in) diameter.piston. The walls of the dye were treated with stearic
acid to make easy the separation of the pellets from the dye, Eompacr.ing was
accomplished with a pressure of 800 MPa (116,570 psi). This pressure resulted
in pellets with initial green densities in the range 42-46% of the theoretical
valye depending on the amount of additive present in the powder mixture. Each
pallet required:two pressings. After the first compaction the pellets were
brokgn up and then repressed, This produced crack free pellets which were
then measured with a micrometer with an accuracy of +2.5 x 10-3m and
weighed with dn accuracy of +l «x 10‘5 gn. After making the initial
measurements the pellets were stored in graphite crucibles for further use.
Specimens were prepared in groups of three for each sintering run.

C. Equipment and Procedure. The system used for all sintering rums

consisted of a top loading vacuum chamber with a tungsten mesh heating element



.

capable of attaining é maximum temperature of approximately 3000°K. The
specimens were arranged in graphite crucibles and placed on a molybdenum
pedestal which was situated in the previously determined constant-temperature
region of the furnace. The temperalgure of the samples was monitored through a
calibrated op:i:a)l pyrometer,

The boron :csrbide;pellets were arranged in their respective graphite
crucibles and then :placed on the molybdenum pedestal. The sy;stem was then
cvazuated to a minimum pressure of 13.3 mPa. Once this vacuum was obtained
the diffusion pump was turned off and the system was flooded withﬁ argon t;)
approximately 50.5 KkPa and th_en re~evacuated with sorption pumps to a pressure
of 66.5 Pa. The gzgon atmosphere was maintained at this level throughout the
sinti:ring run by use of the sorbtion pumps wherlever needed. A‘heating rate of
70°k/min was used to obtain a temperature of 137¥K. At this temperature the
pellets were allowed to outgas for 30 min to drive off any remaining
volatiles. Afterr outgas‘ing, the heating .rate was increased to 40°K/min until
the 1sothermal sintering tempecature was obtained. Three sintering
temperatures; 1898°, 2133, and 2380"’}(, were selected. These cor%e.spnnded ta
0.66, 0.76, and 0.86, fespectively, of the\l“ﬁéélting point of pure boron
carbide, The selected sintering times were 60, 120, and 240 min. Cround
powders, f[ractured surfaces, and pely‘let: surfaces of sintered specimens were
ca‘refullfj'y selected and prepared to be examined "‘(ES'" x-ray diffraction, scanning
electron microscope, and ‘electron microprobe‘l(}u respectively, to determine
surface morphollogy and the effects oi"f additivefé on the sintering of boron
carbide, ”

T1I. Results

The change in the linear shrinkage of sintered boron carbide pellets

with the isothermal sintering time is shown as a log-log plot in Figure 1 for
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three sintering témperatures. From the slopes of these lines, the mechanism

“characteristic exponent, N,l'was calculated to be 8.4, 6.3, ané 6.2 fof the
temperatures 18987 2133° and 2380°K, respectiirely. “The change ip the linaar
shrinkage versus the inverse of the sintering temperature is ;;hown in Figure 2

+ for three sintering times, “The experimentally obtained values for the
activation energy .for the sintering of boron carbide ;‘ompa‘cts’ for 60, 110,
240 min sintering times are 162.0, 160.7, and 164.9 kJ/mol, r‘especrively,buith
an average value of 162.4 + 7,1 ki/mol, ..

Scanning electron (fnir;;;}rjg;aphs (SEM) of the as-pressed and sintered boron
carhide compacts are shown in Figures 3{a) and (b).‘ Figure 3(a) shows the
unsintered pellet while Figure 3(b) shows the microstructure of a pellet
sintered at 1898°K for 60 min. Figureg 4 and ; show the ;rz;riation in linear
shrinkage with sintering time for E-SAC with A1F3‘,V"'lNi, Fe, and C; additives
sintered in argon at 1898°K. Similar plots for Bl;C with these additives for
the sintering temperatures 2133°K and 2380°K are shown in Figures 6-7 and 8-9,

v;"reSpectively. Also shown in each figure is a plot of the chamge in linear

shrinkage versu: sintering time for pure boron carbide powders sintered under
the same conditions. The- experimenta._lly obtained values for the mechanism
characteristic exponents have begn. célculated, and the averrage values along
with.their standard deviations ;{{-e listed in Table 3 for the differemt powder
compnsitions. Figures 10 and llvshow ‘the_variation in linear shrinkage with
the inverse of the sintering temperature for doped borum carbide powders
sintered in argon for 60 min. Again each figure includes a plot of the
temperature dependence of the linear shrinkage for pure boron carbide powders
sintered under the same conditions. Calculated activaﬁon energies with their

standard deviations are listed in Table 3 for these different powder

compositions.
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Table 3

&

Calculatrd Average Values of N and Q for the
Sintering of Boron Carbide Powders in Argon

With Additions of AlF3, Ni, Pe, and (u

B

Material

ByC

B;C + AlF3

[¢

i ‘
© 10,000

wth Additive

0.00
0.751
3.850-

10.000

“0.751

3.810

~

< o dba
3.800
10.000+
0.771
3.800

10.000

al

Average N

6.3 +0.1

6.4 + 0.7 N
6.1
5.97 + 0,01
6.5
6.2 +

6.02 + 0.04
- ¢

5.97 + 0.04

&

+06 2

Average Q
Kj/mol

162.4 + 2.2
180 + 2
163 + 12
£ 132
188 + 4
159 +12
1651 + 0.8
EC IR
1%+ 20
1042 +2.3

167+ 16

105.5 + 1.2

The

~

results

presented above

show

the dramatic

influence of

the

impurities on the sintering of boron carbide. It was observed that additions

ofrapproximately 0.75 and 3.8 wtl of A1F3,
i

shrinkage, {%ew, deactivated the sintering process of boron carbide for all,

I

Ni, Fe, or Cu reduced the linear

i

the temperatures and times under investigation. It was also observed that

additions of 10,0 wt¥ of A1F3, Ni, Fe, o} Cu increased the linear shrinkage
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or activated the sintéring process of boron carbide for the. temperatures ‘of

1898° and 2133°K. For the highest :emg/éjrature L(2380"10 the addition of

¢ 10, ()0 mZ AlF3 “vas the only case in which the smtermg process of boron
It U

G
activated, These results are sumanzed in I-'Lgures 12 through

I

7 19. In Figures 12-15 the degree of gétivuion, defined as the percent
difference between the linear shrinkage "of doped a'n& pure boron carbide, was

plotted versus the weight percent of AlR,, Ni, Fe, and Cu, respectively.

- o

Figures 16-19 show the variation of the degree of activation with sintering

temperature for a constant wt% of A1€3, Ni/, Fe, and Cu, respectively. From

these figures it is evident that the addition of 10.00 wtl AlI-‘3 provides the

il

best activator for the -sinteting of boron carbide. At this concentration of
s » X .

N

. . » - - 2 A - . .
B additive ‘the linear shrinkage is increased and the degree of activation is

maximized at the lowest sintering temperature 1898°K.

Table 3 provides definite trends for the effect of sintering additives

[} 1
) ‘Q

on the activation energy, Q, and, the characteristic exponent, N. For the
cases where deactivation of the sintering process occurred the valuss of the
activation energies are generally greater tham or nearly equal to the

activation energy for the sintering of pure boron carbide. For the cases
i
where the sintering process was activated the values of the energies are

significantly lower. The generally observed trend for the characteristic

. exponent was that for increasing amounts of additives the value of N decreased.

Scanning electron micrographs (SEM) of™ boron carbide pellets with

10.00 wt? AIF, sintered at 1898°K are shown in Figures 20(a) and (b) for the

3

sintering times of 60 and 240 wmin, r'ésﬁé‘étively. Analysis of boron carbide

surfaces w1th addu;lons of A1F1‘, Ni, Fe, and Cu were made by means of
4 el
'alectron {lcroprobe techniques. These analyses indicated the presence of a

\-c}sn.gmflcant amount of aluminum and the absence of fluorine in the boron

W
3
i
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v

totally absent at the h1g1}ar '//empe\x\‘a:ure. Sunlar results were obtamed wlth

“diffraction scans of samples with' AlF, indicated 'a consistent downward shift
o

carbide wmatrix, ¥ This suggests "that Akli'K R:zomplet:ely dxssocutea,, durlng .
G “

s(t/ﬂtering Results on boron carbide pellets w:th adchtmns “of 10 0wt N1

. -
. L

’)
sintered for 120 minutes’ at tempei'ntures nf 1898‘3n\and 2380°K mdxcated et lef

e o g .

G n [

Jremains in the boron carbxdn ‘t the lower slntenng temperature, but

5 /L v 4

a

1.04 Fe adcfltwns. . /;hef

case sof 10% "Cu addltwns, the results of ?hb:
it

e a Wt

" "’1 . \

{1es \‘ d

mlcroprobe analyues h1nd1cated the absence of Cu in the sauples su{tered at .
1898° and zasmx 4 120" ni.

”“bu [T
a ..

v, DlSCUSSLOn - L o=

0f maJ/or interegt sin this work is the role\ of G\e 1/lflnous uddlnves dn I,
&

]
7 5 ,5 & ¢
the sintering of “boron carbide. The elemental scamung cond.u:ted with the

o Ea Y u

electron microprobe, and the diffrdcromcter scans of BC +rr0 wt"“.l\.ui‘3
RS —,;:”” o ~ Y

C specimens, provided _an interesting insight into ‘the method—hy— .
o [
T o e #

il '
and pure B

4
o

which sintering can be enhanéeg _gf éctigated :chmugh the °addition of - °

i

impurities. It” was first believed that ATF, wig- added, to provxde a’ thm

N

iayer on the boron -carbide parucles which would enhance gram boundary

]
L/L

d1ffus1.on producing an incréuse In the smtenng rate.‘ It was also thought

I8
M

. .
that the additive would sublime, leaving beh].nd a pure den”ae'compact of boron
“ ] T ) N v

carbide. From the presentsstudy.it is Aapparent thst a cdn,t;ideraiileéimount of..

Al was incorporated into the Bﬁ,ﬁﬁétrix while no F was - detected. “ The

(

3 ’ i . -

in/the peak locations. Thege peVak shifts,pravide strong evidenbe that -Al is
substltutlonaly mcorporat'J 1nto the hC lattxce,’ resultm*l in a sught :

expanslon of the unit cell. It is hkely that . a llmuted formatlonlof a2 ]‘

5%

lZCZM (Fype structure is’ octurring, In support of these concluslons, it
i ) \@‘ L.
s noted that thE’ strongest new BAC peaks conespond 310581}' to the
5o " ¢ R

f—y W
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str”d%geét ‘peaks’ of° B C,Al af reportid by u"LI;ipp \(‘u'ni'i i‘lodermmﬂ .&A
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observations  also, agree _mth'u previous  work o on the ulhot-ﬁgensed ‘boran i
. [ T P R )
jcarbidem with additions Bf‘AéF u o o’ . t‘\ &l A
¢ 440 57 g w w © i

[

B

/} nature of the

B b

P

“ assessment of uthe,/ér}ergetlcs for this reactlon Lqposslble. It 1:? concluded

The mco:;,oratmn of alumm.nl J.p “the (,boron clrbule latnce provuies am

o

explanation for the observed Qlon of "ﬂﬁor{m. Clrbons ando flucrine \\“un

o

coibine to form CF gas,’ ‘most likely cr, or, CFA ot :‘\-utute offaz/ehg.

@
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Therefore, it is qu ite hkely b.‘ut Sron “41&“ relcts with L}AII‘3 in_the
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that add1t10ns of 1070.wtZ AIF in boron carbide w11f activ e the sm‘:ten ng i
f:P 707 t dlx

-\r v, T & %

N
,process by lqk\lenng the dlffuamn energy ‘varrler ‘or the dOmlnant transportn
ki =

mechanlsm ofigrain boundar dlffuswn )Irough the alteratlon f the Qhem1va1 "
e ’ g g
I L)l t

R

grain “bou\ary layer. K As stated earlief cthe ocalculated

7l

RN . s :
activatioh energy for thq,smtermg of pure bdrBn carbide decreased "Jrﬁom a16:2.’70 .

. Y SRR 1 ; ]
g \:\ 4 o o \.‘;9 o U , OD o Yo .
to .05.15+°1.3 kJ/mol ag¢ca result of the addition of }'0.0 vt AF‘IF3. & a

‘ ; DA : 3

]
e > a
*

7 The = other additives ‘which activated Tthe smonerm’g processu of boron

carblde Here Ni, ~Fe, and Cu at thP 41000 wtg levE\l and the lower tw%
. s &\,
N o

l:emperjzn:uresO The dlfference between these additions” and. Al"‘3 1s%that they " o
. e

Q‘r/

[

2 B ‘ ;
al o
a 9

also / eacti);ated “the syp‘termg ofm borow dcarbide V‘at 2380°K.- :Electton T
Q

mlcroprob{) and x-ray dﬂ?fra?ﬁtmn ana}yqes offer *mterestmg cnntrasts. For »
" I

the add1t1ves of Ni and Fe the electron \m‘n‘cropjrobe (analyses showed the :a"
9 J B : 0 . (,/ .0 ‘
presence of Nx and Fe preupxtates;at 1898°K but; not ‘at 2380°K. Whereas the
o~' fAREIN ooE g,
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e

_ microprobe analyses. of samples with copper additives ghowed no Cu at either
P .- 4

temperature,  Furthermore, these diffractinn scans indicated possible compound

formarions of Fe with carbon and boron at 1898°K. These results indicats that
i //”

u - additiona of 10.0 wtZ Ni, Fn,,;/axfd Cu in bhoron carbide will activate the

"
o ‘ W

sintering process at 1898

. and 21377 by possibly the same mechanism as that

-~ .

preposed for AlF,.  The dctivation energies for the sintering of pure boron

carbide decreased from 162.4 to 105.1": 1.0, 104.2 + 2.1 and 105.5 +

1.2 kifml as 2. result of the additions of 10.0 wtX Ni, Fer‘?anrd/.;(}u,
3 v - /

respectively. “The apparent deactivation of the sintering of boron carfide in

gl

the presence of 10,0 wtd Ni, Fe, and‘Cu-gt 2380°K is explained by the
. ) R P . X

[
)

relutively high vapor pressures of these clements at this temperature. It is
” i 3 1

. ‘
helieved that at this temperature .the additives sublimate .and leave the
v

. R y R .
compacts. Furthermore, the rapid sublimation of these additives ot the higher
temperature may result in trapped gases in closed pores, and hence reduced

shrinkage. 'f'his_loss of additive is supported by resvlts obtained in the

L

~electron microprobe and x-ray diffraction analyses.

The addition of ~~0.75 wt? and 3.8 wt% AIF,, Wi, Fe, and Cn is

3’

i q o, o s ' y . .
believed to L(_e insufficient to provide the compacts with an evenly distrihuted

L

layer of the additive on the boron carbide particl}gs. For the compacts with
épproxim;tely 3,8 wtl additions, a layer of approximately l.ﬁoA thick is
provided whereas the co‘ml‘;‘:act's with approximately 0.75 wt? additions provide 2
layer of only 0.3 & thick. Therefore, isolated islands of the -idditive are
likely to occur throughout the powder, with the consequence that they act as

either obstacles or sinks for the migration of vacancies along the

grain-boundaries, Rapid sublimation ofxn.;hese additives can also produce

. entrapped gases in closed pores. Since the cslculated activation emergies for

the sintering of boron carbide with approximately 0.75 wtX and 3.3 wtl

W




additiong of AIF3. Ni, Fe, ard Cu are nearly egqual to the activation energy

“

for the aiatering of pure boron carbie, a contribution from another
. ‘\}»_. N

mechanismyy voze, surface diffusion, i5 taking place. This would explain the .
" 151 ‘ > " -

observations that even though'gthe‘ shrinksge was reduced the activation energy

L ¢ ' 3 <

4 o o
for the total overall process did not hncrease.
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Figure 1. Variation in Linear Shrinkage with Sintering Time
for Boron Carbide Powders Sintered in Argon for
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Figure 3(a).

Unsintered Boron Carbide (SEM 28000X)

Figure 3(b).

Boron Carbide Sintered in Argon for 60 min
at 1898°K (SEM 28000X)

Ty



AL/L x 100

|

15.0 = -

0= -

10 -

05 T = 1623°C -
v Pue BL
O 0.75] wt% AIF3
A 385 wt% AlFy
D 1000 W% Al

0.2 b= ® 0764 wt% Fe -1
4 380 wt% Fe
® 1000 wi% Fe

01 1 1 | l

10 20 50 100 Pl 500
TIME (mins )
Figure 4. Variation in Linear Shrinkage with Sintering Time for

Boron Carbide Powders Sintered in Argon at 1625°C with

Different Percentage of AlF3 and Fe



LB L} 1 L

., PP ® 0O D> OCA9Q

AL/Lgx100

T =1825°C
Pure B4C
0.757 wt % Ni
380 wt% Ni
10.00 wt% Ni
0.771 wt% Co
- 3.80 wt% Cu
10.00 wt% Cu

1 1 ] 1

20 50 100 200 500
TIME { mins )

5. Variation in Linear Shrinkage with Sintering Time for
Boron Carbide Powders Sintered in Argon at 1625°C with
Different Percentages of Ni and Cu



AL/L, x 100

A

10.0

20

T =1860 °C
v.Pure B4C

0073l Wit AIF, B
S0 a3 wis A,

0100 W% AIF, -

80764 wt% Fe ‘

4 3.80 wt% Fe

®10.0 wt% Fe

T v Y I

05 1 L ' L
10 0 50 100 il 500
TIKE (mins )
Figure 6, Variation in Linear Shrinkage with Sintering Time for

Boron Carbide Powders Sinterad in Argon at 1860°C with
Different Percentages of ALF3 and Fe



AL L, x 100

100 1 1 7
T = 1350'0 ; .
v Pue B,C .
O 075 wt%Ni &
Wra 3m wmen
o 1000 wt% Ni®
® 0771 w%Cu
4 380 wt%Cu
® 10.00 wt%Cu
20 F
10 -
05 ] ] 1 ]
10 20 0 . 100 200 500
TINE ( mins )

Figure 7. Variation in Linear Shrinkage with Sintering Time for

Boron Carbide Powders Sintered in Argon at 1B860°C with
bifferent Percentages of Ni and Cu



Ly x100

AL

100 T
T=2107 °C
v Pyre B4C
50 0 0,751 wt% AlFa -
4385 wt% AIF3
0100 wt% AIF3
® (764 wt% Fe
A 380 wt% Fe
20 r_l m.o wt®% Fe B
10 -~
. i
05 \_‘ “l_\\\] | | N
10 ‘,‘,}g‘} 20 i 50 100 200 A 500 .

C TINE (':hains) :

Figure 8. Variation in Linear Shrinkage with Sintering Time for
Boron Carbide Powders Sintered in Argon at 2107°C with
Different Percentages of AlI*‘3 and Fe



AL/L, x 100

10.0

5.0

20

10

8 10.0 wt% Cu

T 1 I |
T= 267°C
v Pwe ByC -
00.757 wt% Ni
38 wt% Ni
0100 wt% Ni

®0.771 wt% Cu
A 38 wt% Cu

10

N, 50 100 200 500
- o ) ’TM(mim)

Pigure 9. Variation in Linear Shrinkage with Sintering Time for

Boron Carbide Powders Sirtered in Argon at 2107°C with
Different Percentages of Ni and Cu



AL/LO x 100

05

0.2

- b= b0 mins

t',f‘:.‘v Pue ch
o 0.751 wt % AIF3
& 3.85wt % AL,
o 10.00 wt % AlF,
® 0.764 wt % Fe

| 4330w%Fe

i ® 1000wt % Fe

-
oo

i |

4.0

Figure 10.

E==)

45 50 !

et ekt

The Temperature Dependence of Linear Shrinkage for
Boron Carbide Powders Sintered in Argon for 60 Minutes
with Different Percentages of A1F3 and Fe



C . ’\":.,
a @,
81
P )
a .
(t;‘ O
byl
o,
o ’ ‘
. ;J
1
e ‘ ),
E° 10 t=60 hins
»
o v Pure B‘C .
| __] . . n
al o 0.757 wt% Ni ‘ o
v o "y
¢ a38l wt% Ni L T ° g
\ 05 |- 21000 wEN ‘ :
s 0077 wt% Cu . =
A3g0wt%Ce - - L
#1000 wt% Cu )
’ oo,
T3 7 . : ’
} - IR~ 2
[ 3 |2 N o
02 L. ]
. N T
ety - R
‘ / ¥ ‘\1: i . '
= . ¢ . 3,
Figure 11. The Temperature Dependéiice of Linear Shrinkage of
Boron, Carbide Powders Sintered im Argon for 60 Minutes
) with Different Percentage of Ni and.(u s
" . oo oe /;\ ‘
Co ! . ’
. o 0 \%
I ' -
5 b : .
B e .
9 e ~ )}(
N i i(‘
- Ji
o ¢
| fi =

Ny
*( |
1 j“ ‘
ﬂf
i
i o

o
0
.l
oy
p
q



.-

DEGREE OF ACTIVATION (A%)

150

s

‘5 .0 o l '

wo B AR

o 207°C
4 1860 °C
0 1625 °C

-15.40

-300

-45.0

-60.0

-754 |

NEIGHT % AIF,

Figure 12. The Degree of Activation Versus Percent Additive
for Boron Carbide Powders Sintered in Argon with

Addition of AlE‘3

9.0



DEGREE ~OF ACTIVATION (A%)

15.8

B4C + Ni : =
o2107°C ‘
& 1860°C
o 1625°C o

by

-15.0 ( -
"30.0 hl- i
-45.0 i -
500 -
-75.0 | | |
0 3.0 6.0 9.0
WEIGHT % Ni
Figure 13, The Degree of Activation Versus Percent Additive for

Boron Carbide Powders Sintered in Argon with Additions
of Ni



DEGREE OF ACTIVATION (A%)

30.0 | T |

B‘C‘FFG
150 [ o a0ec 7
5 1860 °C

o

o 1625 °C . -

-15.0 -
-30.0 .
~45.0 ]
TR 1 l !
0 30 6.0 4.0
NEIGHT % Fe

Figure 14. The Degree of Activation Versus Percent Additive for
Boron Carbideé Powders Sintered in Argon with Additions
~of Fe



DEGREE OF ACTIVATION (A%)

0.0 T T I

B4C +Cu

150 = o92107°C : -
2 1860 °C
o-1625 °C

0
-15.0 -
-30.0 |- -
-45.0 ] 1 l
0 30 6.0 9.0
WEIGHT % Cu
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(a) 60 min

(b) 240 min

Figure 20. loron Carbide with 10.C wtZ All"3 Sintered at
1B98°K (SEM 28000%)



