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Bl

M (LT 2, particle size distribution analyzing)

mesh Opening weight retained
size (zm) (9)

70 212 0.0

80 180 1.1

100 150 3.0
120 125 8.7
140 106 13.2
170 90 16.5
200 75 20.8
230 63 18.0
270 53 16.9
325 45 13.6
400 38 10.8
500 25 0.0
total wt 122.69 122.6

9EMROR 3 ¥

el ol O(pﬁr:;r;g weight( gr;etained intg/zval Cum;:ative
500 25 0.0 0.0 0.0
400 38 10.8 8.8 8.8
325 45 13.6 111 19.9
270 53 16.9 13.8 33.7
230 63 18.0 14.7 48.4
200 75 20.8 17.0 65.3
170 90 16.5 13.5 78.8
140 106 13.2 10.8 89.6
120 125 8.7 7.1 96.7
100 150 3.0 2.4 99.1

80 180 1.1 0.9 100.0

70 212 0.0 0.0 100.0

total wt 122.69 122.6
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« Mean — This is the average value of a set of humbers.

If your numbers are 7, 9, 5, 3, 15, 15. To find the mean you must add all of the
numbers together, and divide by how many there.

/7+9+5+3+15+15=54

54/6=9 The meanis 9.

* Median — This is the number that is in the middle of your set.

Put your numbers in order from lowest to highest.
That would be: 3, 5, 7, 9, 15, 15

There is an even number of numbers (6 total). Since there is no middle number, you
must take the 7 and 9 and take their average to get the median.

7+9=16, 16/2=8 The median is 8.
* Mode - This is the number that occurs most frequently in your set.
Since the number 15 occurs twice in your set, this is your number. The mode is 15.

Note: If there were no numbers that repeated in the data set, there would be no mode.
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Arithmetic mean size

> Dy,

(M2%R) 0w~ 5 JZ 90
y. : frequency of occurence in sizeinterval
Yi D, : midpoint size for each inteval
\ N :thesum of y, over all sizeinterval = total weight
mgsh Opening \weight retained interval Cumulative Di Di*yi
size (zm) (9) % %
500 25 0.0 0.0 0.0 31.5 340.2
400 38 10.8 8.8 8.8 41.5 564.4
325 45 13.6 1.1 19.9 49 828.1
270 53 16.9 13.8 33.7 58 | 1044.0
230 63 18.0 14.7 48.4 69 | 1435.2
200 75 20.8 17.0 65.3 82.5 | 1361.3
170 90 16.5 13.5 78.8 98 | 1293.6
140 106 13.2 10.8 89.6 115.5 | 1004.9
120 125 8.7 7.1 96.7 137.5 412.5
100 150 3.0 2.4 99.1 165 181.5
80 180 1.1 0.9 100.0 196 0.0
70 212 0.0 0.0 100.0 8465.6//
total wt. 01+

N

e

11



Geometrical mean size RN |
WELE) 00, = 23 1900)

[%)z y;log(D;)

D,, =10
mgsh Opening weight retained interval Cumulative Di yi*logDi
size (zm) (9) % %
500 25 0.0 0.0 100.0 31.5 16.2
400 38 10.8 8.8 108.8 41.5 22.0
325 45 13.6 11.1 119.9 49 28.6
270 53 16.9 13.8 133.7 58 31.7
230 63 18.0 14.7 148.4 69 38.2
200 75 20.8 17.0 165.3 82.5 31.6
170 90 16.5 13.5 178.8 98 26.3
140 106 13.2 10.8 189.6 115.5 17.9
120 125 8.7 7.1 196.7 137.5 6.4
100 150 3.0 2.4 199.1 165 2.4 Zyi |09(Di)
80 180 1.1 0.9 200.0 196 0.0
70 212 0.0 0.0 200.0 - 1
total wt 122.6g 122.6 181" (ﬁ)z yilog(D,)
60| ,p,, _ggln e

12
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1) Interval weight % vs particle size
2) Cumulative weight % vs particle size

== Screening

3) Population % vs particle size
4) Cumulative population %vs particle size

—— S0I38 S
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Population base plot (222 T4 Cigr J2IX)

(Number of particles in certain size)

_Mm
P Y
3
V:ﬂ (Ej _p3
3 \ 2 6
T
ml:IOmED3

m, :one particles weight with D
w: total weight with m,

n=-"_6
..n_Iml %pmﬂDg)

n: number of particles in certain size

D: Particle size

o,.:Density

w: weight fraction of powder with certain size

14



size range, um

weight, g

Otol - 0.0
1to2 04
2to4 55
4to 8 234
8 to 12 19
12 to 20 176
20 to 32 59
32 to 44 1.1
44 to 88 0.3
over 88 0.0

average =19 == GV ;
m /oD’
popu/@tion base

Average / \\

Size Wi(g) Fr\gctﬁ/o E;Jerg Numbers Freq(N)% | Cum.Freq(N)
(micron)
0.5 0 0 0.0 0.000E+00 |  0.00000 0.0
1.5 0.4 | 0.546448 0.5 8.388E+10 | 26.09338 26.1
3 5.5 | 7.513661 8.1 1.442E+11 | 44.84799 70.9
6 23.4 | 31.96721 40.0 7.667E+10 | 23.85098 94.8
10 19 | 25.95628 66.0 1.345E+10 |  4.18309 99.0
16 17.6 | 24.04372 90.0 3.041E+09 | 0.94601 99.9
26 5.9 | 8.060109 98.1 2.376E+08 0.07391 100.0
38 1.1 | 1.502732 99.6 1.419E+07 | 0.00441 100.0
66 0.3 | 0.409836 100.0 7.385E+05 |  0.00023 100.0
90 0 0 100.0 0.000E+00 |  0.00000 100.0
73.2 3.215E+11

15




Frequency(%)

Linear scale
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90

// 7=/

T——— ¥ v
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70

—4— Pop. freq(%)
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Particle size(um)

Frequency(%)

Log scale

100 v— —

—u—wt. freq(%) v
—e— cum.wt.freq(%)

sod | 4 pop.freq(%)
—wv— cum.pop.freq(%)

60

40

20 A

0
0.1

Particle size(um)
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cumulative percent finer
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particle size(z m)

%4 population base plot2 %
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screen
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standard cumulative

a)

§ frequency
@ | plot
_ linear
b)

o frequency
O
= plot
(@l

log
|
é cumulative
S plot

log
g d) |
5 log-normal
> plot
o log

particle size

frequency

Goussian
(log-normat)

J\

iog size

polydisperse
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log size

mcnodisperse

)

log size

biomodal

cumulative
frequency

100
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100
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10

Yo
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log size

log size
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log size ? .

log size S/
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=4l 2XHE

AHOILI SEEUIN IHE &S 0| : ME~38um, &0/3 & ~1pm

YA FRT Scld SH0| OHE Mgt

AR E A U ER: HFE 22 FE22 JIdolH 2A4E Y

«AX3I12 XH0I0 THE A DA (L X3AD|HIOF1:2501 3 2 S || 15,6258 XH0] )
A2 222 FR 2 YN0 Uil i< 2 SEsl - A (uEH 2E S 24 ER)
ASYU =402 2 =22 & sy -2 UXZE E4ote AL

100 T T T T T
80~ iron spheres T
60 um
cumulative |
mass
percent 4oL )
4Z° dIOINLEEHEI IZ2 7H SH6 21
o0 L 1 =N 10%2 X EMIls
(ZHI2H0l & 30-50%2 ELXIT =)
0 |

10 100

particle size, um 9



2) ¥ (Shapes/morphologies)

spherical %

angular

?
rounded
tear drop

cubic

sponge or

porous

/ cicular
Cﬁ:cyllndrical

éﬁ%egular , :
Ilgamental
gflake
.\\;glgrous
@ olygonal
%ggregate
ﬁendrltlc

. YUEOR ONSID FYT PN Y AR NFHES]

E95 §8° =¥

- 13 BHALT B9 bridging BYLUL

— 38 27 34,
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3.0
o) =
= carbonyl iron ! S
2.5 e iron water atomized
o ) A
= o bronze water atomized °
©
— ..
O 20 E = ®
[(h) ]
Q
17p] [ | -
© 15k e s
.Ilr.
||
Y,
1.0 Lol ..'.::._l-.."':.

particle size, um
Aspect ratio (2&=HI)2 =3 0l : 0134

Do = diameter of outer
embracing circle

Da = diameter of circle with
equal projected area

21



(2) Surface area analysis

- Surface area is an average measure of the external surface of large number of particles.
— often correlated with kinetics and geometric characteristics

E
. HEHNELY

-. Chemical activity, catalysis, friction adsorption, contamination, pressing and sintering
49 A/ FJF¥2 DAL

22



Surface

area analysis
- HIEMA(Specific surface area):m2/g, cm2/g
v o, A=
V =D°/6
W =p,eV

TABLE 2.7

W ; weight of solid particle

S :thearea per unit weight
5SS = o oD
P

Shape Influence on the Surface Area Dependence on Particle Size

S =k/(Dv pm)
Dv= equivalent volume diameter

- complex shape®l &%

S= L D, where k =371}
Pm

AMOIX 2ot &- O o
text box 2.9 & =X

flake

Shape Axial Ratio ¥-factor

_ sphere I:1:1 6.00
ellipsoid 1:2:4 - 7.57
cylinder I:1:1 6.86

" cylinder 1:1:2 7.21
cube 1:1:1 7.44

- parallelepiped 1:4:4 9.28
1:10:10 24.00

23



FYYAAA A7 o) wlERH L AR 63 2
A7} AT HaelAl K= 49 7 skehd 94k 7}
A Al YA=7sh v EAHL QA 3] Sl9)
=54 ol AR=7] Zo] AR WSl o3
J5rg Wt A% Dol 2419) Fo|E FAl: AE
B RS ARt Aoz 24" =]
MAS o2 Fam, E0d Ax ohest o] 1}
hilch

xﬁ:2nD2+gD2:gnD2
23 A A

T2 T3
=Tp*2D)="D
v=1p’@2D)=7

293 FAL WEe AL F, p,V ol =2, B Hw
A St ohes 2] Fola.

AAHAM YAR= YA 272 Z2AY 2 meshE §
Fsle] & 7ol mEtA H A= 953 IA
DE A o] & Zo|m K, 3t 5.00] e} Stz ut
°F 73 2| M=% DvERHE YA=27]E AlAHE,
o537} 2,

32 D, = 3D. ;A F A& 443,

173
A 5 =53

Vou pmDy pmD
o] ¥ |Ks 32 7.21p] "ot
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Surface area measurement techniques

1) S&H(Gas adsorption surface area analysis)

SRATHA SPEA EE °l22 FANH 1 I/ T OE ANEQ HEHY F3

- d
r=d

- BET®(Brunauer, Emmett and teller) ,1938
- 84 N,, He, Ar, C,H,, gas N§

= 0=

2) BET (Brunauer, Emmett and Teller) equation

=2 U ZREH=s M2 SA2L TEEC &2 O TP

. p = BAIAY pEg

. po= BAIAY gAY

« X = ¥ pIN BAAF
o k

» Kr=0.202nm?)

25



saturated

unsaturated

Figure 2.28. lilustration of molecular adsorption on a surface and the use of a monolayer
coating at saturation to assess the surface area

26



BOX ZZHY (BET &)
signal output
A
\ﬁdscrption comparison
peak ‘ bridge
time g
gas

regulators

detectors

cooling bath

el HEHHO
P, /P HBBRRE JBEE

SH EZIELYT AG
24 Jts

)

BET equation
P 1 c-1 P P
= +  —_— N
x(P,-P)y x,C x,C P x(P -P)
(xm = l
A+ B

=B+ A

_ xm No Ao
wM

Specific surface area : s =
pecific surf oD

(k = 6 for sphere, k > 6 for non— sphere)

27




800

tantalum
600 |- powder

1
X[(Po/P)-1] )

00

specific surface
area = 0.399 m2/g

200 slope = 2143

intercept = 60

0 ] |
0 0.1 0.2 0.3
P/P,
1
X[(p, - p)-1 A
™~ B




2) MMAED HEMA Z7(Gas permeability surface area analysis)
a0 229 § 2 {AMT7 o 0§ Y= NPLE HE HOHF HM
Z, BU84 « 1/(3N B2 BEE)

§EEE
m3 ApCZA o: St n; IIAELE, v, SHRHEE S K
S Wy

~

A The] &5 4

P” (e
U

powder tube

%

1 1 53 Figure 2.24 The determination of powder surtace area by gas permeability is possibie

S = > oy measuring the flow rate of a gas through a packed powder bed at various pressure
ifferentials.
pn | 5a (L-& e A4

g porisity (7] % %)
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o
=

A0| B2 £2, green density (88

STAl &

'

IH

00

)

=
S

(CH70%+2-30%

=
o

Jt

0D

HEE 3J|S 22 &

0

£ =01 A

Porosity(%)

48

32

26

Packing Factor(%)

52

68

74

Type

Simple Cubic

BCC

FCC
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o

AN

HEo| Jjot: WYL oF YW THP B
. OEy R

. BEY UR: EY oW BAE ofYc] NXE BY

QT ( density)

2 52J| Y& (Apparent density): 29| F8 X AHY) ¥¥ - loose packing

Hall flow meter®& Ar83°% 25¢m39 brass cup®l B2 370 ¥ 2HFF

281 Ak 23 HY, 37, X R BjE] o= WY

€42 &= (Tap density); ASTM-B527: 1000cycle at 284cycle/min
8711 B2 92 ¥ YYTHOE 87T NF T Tapping NY TN BT 5%
THE $H— BEURE 30 —» AY — NS Y

A7 Tap density® 37 Y8l NWHL Aol T B AT

- S8 X 25 (green density)
/— - 22 A& (sintered density)

o

H

32
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H2HEYE (apparent density)? £ &3

(Hall flow meter)

Bross density cup, 25-cm’ (1.5-in.%) capocity

Flowmeter funnel

2.8 st Aomal 32 mm {%in)
y ()
(0.7 in) N 2 _i
4
25 mm {Yin))

) T Density cup

z \ o -
T N
-
cEY Qs X
U RO 2U0| funnelS E 1 3H=0
221= NS XG0 SEC 2 HA
\
(.28 s &%
US 0 LS BT WS S, 2UO
DHE ZHG0 2| LE2 H A
"

o = angle of |
repose !

tan(a) = h/r

Tilting teble Rotating cytinder
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Effect of particle shape

of copper powders

Particle size distribution is the some for opparent

and top density volues,

Graduated measuring

cylinder
Increase, %

Apparent
Purticle demsity,  density,
shape g/cm?
Spherical . .. ... . .45
Irregular . ...... .23
flake ........ .04

8
35
75

Source: Poster, A. R., Ed.. Handbook of Meral Powders, Rewn-

bold, New York. 1966. p 17

o

Holder with guide pin

Height of stcoke:
3 +02mm

/ 0.12 = 0.008 in.}

Guide
bearing
/ Anvil {steel)

Cam

Effect of particle sixe
on apparent density for several
metal powders

Average particle Apparent
diameter(a), density,

Materia! pm g/em’
Aluminum
Atomized .. . ............. 5.8 0.62
6.8 0.75
15.5 0.98
17.0 1.04
18.0 1.09
60% above 44 1.22
{+325 mesh)
75% above 44 1.25
{(+325 mesh)
Copper
Electrolysis . ..9%0% min, 1.5-1.75
~325 mesh
Hydrometallurgical . .81.9%, 1.69
~325 mesh
Oxide reduced .. . .95% min, 2.10-2.50
~325 mesh
Hydrometallurgical = 49.1%, 2.42
~325 mesh
Oxide reduced ... . .50-65%, 2.65-2 RS
~-325 mesh
Electrolysis ... .. 60-75%, 40-5.0
+100 mesh
Atomized ... . . 70% min, 4.5-5.1
—325 mesh
Atomized ... .. .. .. 50-60%, 49.55
~325 mesh
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Powder £ & bulk & &:

« pycnometer (I3 %0/H) & AR5t =3
* He gas pressure—volume technique

« pore free density (2 J|2 LX)

]

R 2AS BLS V.o 8D ol BY B 2

o
x| 8719 ¢ P, BHULXY = P,

—/ O O - M

P, (V,-V)=P,(V-V +V)

2
10
!l
=l
=
Il
I
0

pressure
sensor

1 §

calibration chamber
(volume = V)

valve

V =V +—¢ powder
b s ( |:>1j (volume = V)

V.V, R, P,,m; tknown values

_m
. Powder density = —*
Vp

\

sample chamber
(volume = V)

D> vVacuum

®

valve
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- 4¥(M) L=( Green density)
 die pressing3°ll 2(Pt AFYF ¥ YTM T (RENRETO 2-3t))
oSN P42 X YN s NS ROHMO| o5t T WM
S0 Yy ¢ IO TS TEMAT st
- OI=3|HHA Bo| <ste] BOFF (TS sealing E2)
- Mercury porosimeter

D= (-4 g cos8) /P

Where,

P is the applied pressure,

D is the pore diameter,

g is the surface tension of mercury (480 dyne cm-1)

6 is the contact angle between mercury and the pore wall, usually taken as 140° .

- AHYE(Sintered density)

. 1Y% A YYNO BE

(6) 2 }&4Y

=20 MBS M= SEE YPO=RE ZACl FHSIIM Hall flow meterse ZHNE S919

f&%= Bk (g/sec, sec/lg G )
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CI=EF|MHHL FH

AENS 2= FH/AFT
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H2EYE (apparent density)2t f5E 53

(Hall flow meter)

Bross density cup, 25-cm’ (1.5-in.”) capocity

Fo)
Flowmeter funnel
{
1 =~
« P o
\ T . 30° /
\ ’
\ )
2.5 mm \\ I, 32mm {%in)
1 (0.7 ) @/
1 ' =
1 | I
tlo ‘ 25 mm (Y in))
'
B ¥
1]
b
1 14 {7 Density cup
N
j & B9 |
¥ A Pres -
P S - \
l’ = B
f
FEYREC EF
2AHE2 20| funnel2 E05t=0
Zel= A2I2 EHE6IH RFSE2 H ot
\
(

2T Aol E2ES 285 M2 £, 229
PHE SFHOIH 220 L2 A

a=angleof |
repose |

Fixed height cone Fixed base cone

Tilting table Rotating cytinder
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- fEE FEYMNYCl AENY FE: 1RFE —  YNEFY(g/sec or g/min)

A
ng
lo
o
ol
2
odt

Ne2S3%: powder YT OAH4, SAIH &, interlocking o Y&

- BEIRe AIEND HEOR
- BE9 3R, 25, BE, 34, 2| UL, (A, 1A, FNEAY TE AP 03 MYy
- 2 9ne| 7YYLE 854 B

- Fine particle — granulation

eiAte OFRE4Y (Inter particle friction: IF)
- OIREY2 powder flow ¥ packing density®l ¥¥2 OjA.
Surface areaT — frictionT — friction between particles T — efficient flow and packing !

(1A fine particle — surface areaT)
Fractional density (2=E&)= apparent density / true density

3
p= ( N|C\|_1j ,N_ = coordination number (9]%<7)

N T=pT

c
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- coarse particle2| loose packing2 & <: p=0.6
» fully close packed: p=0.74(N_=12)

- careful combination of selective size to fill interstitial p = 0.98

| e | r T
—Jernot et al.
=12 | .
O e regular packing
E 0F @ random packing .
i)
5 8 )
S
o O _
= ®
5 4F & |
o ° =
o 2 i - ]
0 : - ! | i
0 02 04 06 08 10

fractional density




AN O (IF) 539 donsity, 1 :
-0t84] : apparent density, tap density, flow rate
-HBA : measurement of repose angle (2 AE F7)

-

; ; funnel

l
o¢=angle of |
repose
tan(e«<)=h/r |
ﬁder h
N l
Job |t Py

The angle of repose is @ measure of the interparticle friction. It is deter-—
&ned from the height and radius of the powder after passing through a funnel.
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2AF 0| 0| Xl= X2t OL& 2l HEHIF effects on mixing and milling)

« Origin of inter—particle force
— Intrinsic: 2SR 0F& A %=, surface energy(0il: Xt &)

— extrinsic: X37| = A0 25t XbliE = §4

» Control of extrinsic factor

— Sample weight T— flow rate?

— Coarse particle — less friction — flow rate 1

— Mixing with specific particle sizes — flow rate T —density 1
Surface oxidation — particle hardening — friction | — flow rate 1
2Lt ¢tol=E 24 2 A2 E40l 22 g2 01 &= US

— Humidity Condition: dry powder — low IF — flow rate 1
Humidity T — agglomeration — flow rate | (0l:15% — flow stop)

\

flow time, s \

43



I
ng
10
oo

H¥(compressibility) ¥ 9849 (compactibility)

=2 SELEAl die N0l 222 72 Sd € 2N 2 AU
-0 AT, B, ZH B HE
-z Hd FHA0l 2t SEk
-LEE (XELEH): 25 8 =9 & ~FE
-dggh S8 AL E Nles SEME 2= 52 SE
—Jt3&d3t alohl 2dole Mzl 42 8Mol E0HXH S0l 03
AEHHY] C = k=L
¢ Pa
(V=2 Jte} 222 21, V, = SEHE 2|, po= S L, p, = 22D

A0l BE AMure AW} 2.9 glom’ 01\
414 MPa2] FEol|A 6.78 gem™ E2] A A S 9=
upebA Al 3u)E o5t 2ol ¥

gtk Buto] o] 1§ mmE EFHPH, dF 4FA| =
7] Bukale] o) 42.1 mm7} S ook 3t} (18 mme]
2.34u}
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=2 HYHXN0| 322 Jt

MAHGH| /6t &2 & JIA "Hel, 22 Al 9971 Z& chamber0f] 22

o] 32 &x7e =2==0I| Pb. Co, Mn, CuS2 =ollotXl & 2L, carbideEEH2 3IE=

-
1o
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0
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stdol &
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=
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X0
Hr

ok
X0
]
ol

)

gt
=2
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9t(As,Be), 2HAL
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=2

Ol Al
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S o

I

(Ni, Pb, Te, Cd), =4

=@
—> HMU=E - A8

Il Always check with Materials safety Data Manual (MSDM) 1!
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=2 §¢ ¥ dANSES A

Parameters

Measurement Techniques

Density or porosity

Pore size

Grain size
Neck size
Shrinkage or swelling

Surface area

Dimensions and weight, Archimedes water im-
mersion

X-ray, gamma ray, neutron absorption

Quantitative microscopy

Helium pycnometry

Ultrasonic attenuation

Quantitative microscopy

Bubble point

Mercury porosimetry

Small angle neutron scattering

Quantitative microscopy

Quantitative microscopy

Linear dimensions

Dilatometry

Gas adsorption

Mercury porosimetry

Gas permeability

Quantitative microscopy
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O3z 229 OINZENY
239 OMZAZ2 NHHA OGE 2 A9l - significant effect on end products

U B YRel AY MYOR B2 MY YE
$8MZES NT : SULN WY, SUAL T2E S50 OATA
(8TAE H2B DINTFE N4)

MZSEA gt OMLZHOT tsot b 28 HZ Tis:
TN gz Uk 2TE MZ s
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1y S, seYy

doj3 2

O3z BRAN: 3, o, &4, (BEE, 78k, B3

NRN : UE FT, U YORE IZE, A4, ONE
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HISEY : A2 HF Y, AN B §

=
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FE-SEM- 0|AHI 22 &4 &
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~ |} Stainless steel
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2 AL (atomizing) 2 2 HIXE 2L 9| SEM A&l =X & A (dendrite) LHE R X
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- TEMOIl 218t Lt

-UEZ2E222 0IMEA =4
: HR-TEM

v Crystal structures

ot - appearance of meta-stable phase(s)
% excess surface energy

- defects (twins, vacancies, etc)

.
=
[}
02
Al
2
(=
0
A
HI

§ Au nanoparticles
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- L E2 TEM & XRD =4
Ltew &Y
Oxide Coating layer &4 IS

Intensity(arb unit)

= Mo

-~




-TEM & XPSO| 2let 22 HH E4
: 2@ I SC 3 24
1 A= etchmg0|| ©| 8t depth profile It S

-EPMA0O] 2|&t EL 42 &4
: 24 & imagedt It s

VAt ANA A

r T — -r T - T ™

280 282 284 286 288 290 292 294
Binding energy (eV)
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