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Figure 2.16 This is a scanning electron
micrograph of a coiled tungsten lamp
filament.
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powders and warm compaction

Date Description Dn‘_gin
3000 BC "Spongs wron” for makmg lools Egvpt. Africa, Indin
AD 1200 Cementing platimun srams South America
1781 Fuuble plannum-arsenuc alloy Fronce, Germnoy
1790 Production of planmum-arsame chenucal vessels commercally France
1822 Platium powder formed mio solid meot Erance
1826 High-temperatare smtenng of platimm powder compacts on a Rusmia
commercial basis
1829 Wollasston method of producis compact platimm from platinum England
sponge (basis of modern P'M teclhmague)
1830 Sumenng compacts of vanous metals Ewrops
1859 Platinum fision process
1870 FPatent for beanng matenals made from meial powders Umied Stnies
self-lubricanng bearmgs
1678-1900 Incandescent lap flaments Umred States
1915-1930 Cemented carbides Germany
Earlv 1900 Compoutes m=tals Unated States
Porous metals and metallic filters Chuted States
1920« Self-lubnicating beanngs (used conwnercially) United States
19400 Iron powder technology Central Evrope
1950s and 1960s | PM wrought and disperston-strengthened products. includye PM | United States
forgings
1970s Hot isostanc pressing. P/M ool stesls and superplasne superallovs | Umited Stares
1980s Ropud solidification and powder injection moldms technology Umited Sintes
1990+ Intermetallics, meml-matix composites, spray formung, nanoscale | Umnited Sintes, England
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_ Graphite

:
Alloy distribution. (b) @

(a) Regular premix.
(b) Segregation-free premix with powder binder
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High Pressure Heat Treatment
perfects the properties of your
3D printed parts
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CALL FOR PRESENTATIONS

June 17-19, 2018 » San Antonio, Texas

w Ith I" owdar Muatalfurgy

Focusing on metal additive manufacturing this conference
will feature worldwide industry experts presenting the
latest technology developments in this fast-growing field.
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By producing parts with o weneows siruciune the PM process enables manufacturers
to make products that are more cﬂnsmtent and predictable in their behaviour across a wide
range of applications.

» Structural pieces with complex shapes

» Controlled Porosity

» Controlled performance

~ Good performance in stress and absorbing of vibration

» Special properties such as hardness and wear resistance
» Great precision and good surface finish

~ Large series of pieces with narrow tolerances

The high precision forming capability of PM generates components with near net
shape, intricate features and good dimensional precision pieces are often
finished without the need of machining.




Powder Metallurgy Processes
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Powder Metallurgy Processes

RAW MATERIALS

ADDITIVES
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HOT COMPACTION COLD COMPACTION
ISOSTATIC, EXTRUSION, Die Compacting [ . isostaric,
DIE COMPACTING, SPRAYING, ROLLING, INJECTION

SINTERING MOULDING. SUP CASTING



Alloying Methods of Iron Powders

Completely Alloyed

Powder e —
-
IV’?MQ\{

Mixed Alloyed

Powder

Partially Alloyed

Powder
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Particle Shapes in Metal Powders
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Powder Metallurgy Processes

RAW MATERIALS
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Material:
Fe-Cr-Mo-C

(Fe -1.5% Cr -

0.2% Mo)+ 0.6% C

Properties of F’E‘-Cl" "Iﬂ powder

Apparent density

285 2'em’

Flow

26 zec 5g

Particie size

45-150 pm

Chemucal analysis. %6

C

<().0]

Chromam

1.50

Molybdenum

0.20

Fe-Mo-C

1.5% Mo)+ 0.6% C

(Fe -

Properties of Fe-Mo powder

Apparent density

3.1 plenr’

Flow

25 sec/S0g

Particle size

45-150 pum

Chemical analysis, %

C

<0.01

Molybdenum

1.50




At 700 °C At 800 °C At 900 °C

Microstructure anE-MO-C,

compacted at 600 MPa and
15t sintered at the indicated temperature for 30 min, and
repressed at 600 MPa. (As repressed)






There are two lubrication techniques.

Intamal lubricant

— [ron powder

lron powder filling and compaction

One method is to blend a dry lubricant
with the powdered metal.

With the powder lubrication method,
the level of lubricant addition may
range from 0.5 to 1.5%.




There are two lubrication techniques.

Charge gun

External lubricant
(die wall lubricant)

\Healed die

Die lubncant coating

The other method, commaonly referred to as die wall
lubrication, is to lubricate the die walls and punches of
the compacting tooling prior to introducing the
powder metal into the die cavity.

With di= wall lubricstion, the solld lubricant {for examipie, Snc
stearata, 100 g} iz mixzd with a veiatiie organic figuid {for example,
methylchinroform, 1 L) and iz sither painted or sprayed on the
tonling. The organic liguid av2parates, lzaving 3 thin film of dry
lubritant on the working surfsces of the die' cavity and punches




Extamal lubricant

| There are two lubrication techniques. |

Charge gun

(die wall lubricant) Intamal lubricant

Die lubricant coating

— [ron powder

Iron powder filling and compaction
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Compacting pressure, MPa
Fig. 8 Effect of lubrication method on green strength, Source: Ref 1

Fig. 10 Effect of lubncation on green density. Source: Ref 1.

Lubricants. The effect of lubricants on compressibility depends on the lubricant and the
compaction pressures. Some lubricants perform better than others, but generally lubricants
cause a reduction in green strength (Fig. 9).

The reduction in compressibility from lubricants is more pronounced at higher compaction
pressures (Fig. 10). At higher compaction pressures, lubricants reduce the green density
because it occupies the available porosity.




There are two lubrication techniques. One method is to blend a dry lubricant with the
powdered metal.

With the powder lubrication method, the level of lubricant addition may range from 0.5
to 1.5%.

The other method, commonly referred to as die wall lubrication, is to lubricate the die
walls and punches of the compacting tooling prior to introducing the powder metal into
the die cavity.

With die wall lubrication, the solid lubricant (for example, zinc stearate, 100 g) is mixed
with a volatile organic liquid (for example, methylchloroform, 1 L) and is either painted or
sprayed on the tooling. The organic liquid evaporates, leaving a thin film of dry lubricant
on the working surfaces of the die cavity and punches.
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Powder Metallurgy Processes

RAW MATERIALS

ADDITIVES
(DIE LUBRICANTS,
GRAPHITE)

ELEMENTAL OR ALLOY
METAL POWDERS

MIXING
FORMING
HOT COMPACTION COLD COMPACTION
ISOSTATIC, EXTRUSION, Die Compacting [ . isostaric,
DIE COMPACTING, SPRAYING, ROLLING, INJECTION

SINTERING MOULDING. SUP CASTING



Powder Pressing

Punch AN

e L i L pan

Punch fxf”ﬁr

Dual action press



Tooling used to make these specimens consists of

a_© a die, preferably of cemented carbide, or alternatively of

"\ tool steel, and

Punch ——

>

% Die —

......

-------

—]

4
|

............

_._r_‘—.a—t. :_l-

Part

o two steel punches for producing either cylindrical or

rectangular compacts.

Exact tool dimensions required for making the cylindrical test piece and the rectangular bar

are described in MPIF 45 and ISO 3927.




Tooling used to make these specimens consists of

o a die, preferably of cemented carbide, or alternatively of
tool steel, and

o two steel punches for producing either cylindrical or
rectangular compacts.

1

Punch -+
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Exact tool dimensions required for making the cylindrical test p]l.::‘_rce and the rectangular bar
are described in MPIF 45 and I1SO 3927.




Compacting

* Loose powder is compacted and densified into a shape,
known as green compact

* Most compacting is done with mechanical presses and

] L] I
rigid tools -
Typical Compacting Pressures for Various Applications 77 NN NN
Compaction Pressures e !' Z
Application tons/in.” Mpa 77ZA i il 7777
Porous metals and filters 3-5 40-70 O e
Refractory metals and carbides 5-15 70200 7277 NN AN
Porous bearings 10-25 146350
Machine parts (medium-density iron & stecl) 20-50 275600

High-density iron and steel parts 50-120 690-1650

High-density copper and aluminum parts 18-20 250275 . \ f
|



The Compaction Cycle

Filling Compacting
Upper Punch o
Fill Shoe Gr?en Compact 2
\ ’ Compact
A ‘ H y
Die / |
J____,.--*" L | -
Lower Punch

Ejecting

Green Compact

Y
N

Powder - Green Compact






" Co mpressibility Testing

Standard rest methods for compressinlity have been issned as:

o ASTM B33, "Compressibility of Metal Powder 1 Uniaxial Compaction.” by the Amernican Society for
F'esting and Materials

« MPIF 435, "Determuination of Compressibility of Metal Powders.” by the Metal Powder Industries
Federanon

o ISO 3927, "Metallic Powders Excluding Powders for Hardmetals—Determination of Compactibility

Typically, a cylindrical or rectangular test piece is made
by pressing powder in a die,
with pressure applied simultaneously from top and bottom.

The pressure required to achieve a specified density is a measure of compressibility.

AP Sp—t |
ST e ey
gl
i g
ot f T
2

Compressibility can also be specified as I“ g
the density achievable at a given pressure. '~



By plotting the density obtained by a series of increasing levels of
pressure against these pressures,
a compressibility curve is developed.

al
MPa
L4 200 4i10) B0 RO 1000 1200

I = T— - T L —_T—al =r=—
Density of copper_—& (.3
B i e ! e i i e et G e - -
: ~ = 5 + %
7 /
~ Density of iron
< 6
th =2
.0 :
= | =
Z 4 ; Apparent densily __.:
A A Copper powder, coarse 349 giem”
& Copper powder, fine 1. 44 0.1
. ® [ron powder, coarse 275
2 o lron powder, fine 1.40
] .
0 | | I I U
0 20 40 i B} LN

Compacting pressure {tons in”|

Compaction of Powder Metals




Two shapes of test pieces
have been standardized.

[ One is a cylinder having
= adiameter of 25 mm (1 in.) and
" 3heightof 12.7to 25 mm (0.5to 1 in.).

. The other is a rectangular bar
= 12.7 mm (0.5in.) wide
= 31.8 mm(1.25in.) long and
" 5to7 mm (0.2 to 0.3 in.) high.




COMPRESSION RATIO

H _ Vi _Pc
Ho Ve py

Cr =

Cr = compression ratio, dimensionless
H = compacted powder height, m (convenient units: mm)
Hg, = loose-powder 1ill height, m (convenient units: mm)
3 : : 3
Ve = compacted-powder volume, m” (convenient units; mm”)
, 3 : . 3
V, = loose-powder fill volume, m™ (convenient units: mm’)
: 3 ; ; 3
pa = loose-powder apparent density, kg/m” (convenient units: g/cm”)

. 3 . . 3
P = pressed green density. kg/m~ (convenient units: g/cm”).



Figure 18-3 (Left) Typical press for the compacting of metal powders. A removable die set (night)
allows the machine to be praducing parts with one die set while another is being fitted to produce a
second product. (Courtesy of Alfa Laval, Inc., Warminster, PA.)






Compaction of Powders
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Two lower punches
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FIG. 11,13 Typical compaction ool clements for 5 mulnlevel part. (From Refl 9.
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: . Ygporosity
Densiry = (Theoretical density of metal) x P = l

100

Conductivine = (Theoretical conductivity of metal) x [l-j up?;f}mﬁ ]




COMPACTION-INDUCED NECK SIZE

215 HW

Pressure will rearrange and deform contacting particles, inducing an incipient neck
between them. The size of that initial neck depends on both the material properties
and applied pressure. If no pressure is applied, there 15 still a small degree of
elastic deformation, leading to a small insipient neck, The compaction-induced defor-
mation at the particle contacts produces a circular contact that expands in size with
higher pressures. At high relative pressures compared to the material strength, assum-
ing plasticity, the deformed particles will consist entirely of prismatic faces. Prior to
formation of prismatic grains, the size of the contact faces can be approximated by a
circle of diameter X. The fractional green density f; and contact size are related
as follows:

where D is the particle diameter, and f, 1s the fractional apparent density correspond-
ing to X=10. In uniaxial die compaction, the applied pressure decays with depth
below the punch. Accordingly. the compaction-induced imtial neck size will vary
with position in the green body.

D = panicle size. m (convenient units: pum)

X = diameter of contact between pressed powders, m (convenient units: pum)
[fa = apparent density. dimensionless fraction [0, 1]

fe; = green density, dimensionless fruction [0, 1].




GREEN DENSITY DEPENDENCE ON COMPACTION
PRESSURE (Junes 1960)

In powder compaction the average green density depends on the average compaction
stress. Since wall [riction decreases the average stress, thicker compacts in the
pressing direction will naturally have lower densities. On close scrutiny, there are
density gradients within the compact. 1T it is complicaied in shape. especially if
there are multiple thicknesses, then the green density can be highly variable within
the body. As an appoximation, the average fractional green density f; will depend
on the compaction pressure P approximaltely as follows:

dfc _
=5 = —Be=-0(l~Is)
where & is the fractional porosity (=1 — f;), and @ is a constant that varies with the
powder. Rearranging and integrating gives,

n(+=0%) — _ep
(l —fn)

where fi is the fractional density at the onset of deformation, which is often near the
tap density. This equation does not include particle rearmangement, so the addition of
a term to include early-stage effects gives,

| —fa\ _ .
ln(I —fn)_ﬂ =P




where B is added to account for particle rearrangement. Modified expressions build
from this with terms for deformation and particle hardening. Accordingly. a
genenc model linking green density to compaction pressure results,

fo =1=1(1 = fp)exp(B — OF)

where f;, can be approximated by the apparent or tap density, In some cases,
a simplified version can be used to link fractional green density fi; to compaction
pressure P,

_f}; =_fq — r‘!e’xp{-ﬁﬂ

where f is the apparent density of the powder, and A and K are constants that change
with each powder,

A = matenal constant, dimensionless
B = rearrangement constant, dimensionless
fi = fmctional apparent density. dimensionless
K = constant, 1/Pa
F = compaction pressure, Pa (convenient units: MPa)
[ = fractional density at the onset of deformation, dimensionless
Je; = fractional green density, dimensionless
€ = powder-dependent constant. 1/Pa
£=1 — fe; = fmchonal porosity, dimensionless,



GREEN DENSITY DEPENDENCE ON PUNCH TRAVEL

The green density py; in compaction depends on the apparent powder density py,
itial powder Il height Hy, and final compacted height H as follows:

__H
Pr.—PAH

The compacted height can be expressed as a function of the height change AH fom the
initial height, which is the change in spacing between the upper and lower punches,

H — H'“ — M
giving the pressed density as a simple function of the change in punch spacing,

. P Ho
6= Yy — AH

H = final compact height, m (convenient units: mm)
Hy = initial powder Rl height, m (convenient units: mm)
AH = height change from the initial height, m (convenient units: min)
pa = apparent density, kg/ m’ (convenient units; g/em’)
fx: = green density, kg/m’ (convenient units: g/cm’),
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FORMING

HOT COMPACTION COLD COMPACTION

ISOSTATIC, EXTRUSION, DME COMPACTING, ISOSTATIC,
DIE COMPALTING, SPRAYING, ROLUING, INJECTION
SINTERING MOULDING, SUP CASTING
VACUUM OR ATMOSPHERE

OPTIONAL
MANUFACTURING
STEPS

RESINTERING, FORGING,
COINING, Metz! Infiltration
OIL IMPREGNATION




Additional Considerations During

Compactir |

* When the pressure is
applied by only one
punch, the maximum
density occurs right
below the punch surface
and decreases away from
the punch

For complex shapes,
multiple punches should
be used

e )

Figure 18-85 Compaction with a single moving punch,
showing the resultant nonuniform density (shaded),
highest where particie movement is the greatest.

|
t

7

iy

Figure 18-6 Density disinbution obiained with a double-
acling press and two moving punches. Nate the
increased uniformity compared to Figure 18-5. Thicker
paris can be effectively compaciaed.



Density Variation

(a) (b) {c)

Density variation in compacting metal powders in different dies:
(a) and (c) single-action press
(b) and (d) double-action press.

Note in (d) the greater uniformity of density in pressing with two
punches with separate movements as compared with (c).

Generally, uniformity of density is preferred, although there are
situations in which density variation, and hence variation of
properties, within a apart may be desirable.



Complex Compacting

If an extremely complex shape is desired, the powder
may be encapsulated in a flexible mold, which is then
immersed in a pressurized gas or liquid

— Process is known as isostatic compaction

In warm compaction, the powder is heated prior to
pressing

The amount of lubricant can be increased in the powder
to reduce friction

Because particles tend to be abrasive, tool wear is a
concern in powder forming



Cold Isostatic Pressing(CIP)

* Schematic illustration of
cold isostatic pressing as

|~ Solid core applied to formation of a

- Powder tube. The powder is

-~ Flexible wall enclosed in a flexible

|~ Stapper container around a solid

_~Fluid core rod. Pressure is

applied isostatically to the

assembly inside a high-

Chamiber pressure chamber.




Hot-lsostatic Pressing

Hot-isostatic pressing (HIP) combines powder
compaction and sintering into a single
operation

— Gas-pressure squeezing at high temperatures

Heated powders may need to be protected
from harmful environments

Products emerge at full density with unifrom,
Isotropic properties

Near-net shapes are possible



Hot Isostatic Pressing(HIP)

(a) (b)
Hoati ng coils

4 Pressure
Temperature
Time
4 (cl)

Fill Vacuum Hot Isostatic Remove
can bakeout press can




Other compacting and shaping
operations

Rolling
Extrusion
Spray Deposition



Powder Rolling

l.oose
powder

\

Roll

Compacted
powder
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METAL INJECTION MOLDING PROCESS

Metal Powder Binder r—’ Debind (Thesmal o« Solvent)

http://www.mpif.org/IntroPM/injection-molding.asp







Powder Extrusion




Spray Casting
Induction-heated f T AT

il \ { optional)

. Atomizer

Recipie m(mtmaeu #as)
substrate y

Spray casting (Osprey process) in which molten metal is
sprayed over a rotating mandrel to produce seamless tubing
and pipe..
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Metal Additive Manufacturing

Metal additive manufacturing (MAM), HIE e Ll has the potential lo profoundly change the
production, ime-to-market, and simplicity of components and assemblies. Unlike conventional or
sibtractive manUfacturing processes, such as drilling, which creates a part by removing material,
additive manufacturing bullds a pan using a layer-by-layer process directly from a digital model, without
the use of molds or dies that add time, was!e malérial, and expense lo the manufacturing process
Additive manufacturing has been usad as a desigh and prototyping tool for decades, bul the focus of
additive manufacturing is now shifting to the direct production of components, such as medical implants,
aircraft engine parts, and lewelry METAL ADDITIVE MANLFACTURING
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METAL ADDITIVE MANUFACTURING
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SINTERING MOULDING, SUP CASTING
VACUUM OR ATMOSPHERE

OPTIONAL
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RESINTERING, FORGING,
COINING, Metz! Infiltration
OIL IMPREGNATION




Powder Compaction and Sintering

wSede

2

Raw powder Formed product

Sintered product

GEOI"QEH S ME 4210 Manufacturing Processes and Engineering
Tech i i Prof .S Callon



Figure 1.1 Scanning electron micrograph of bronze sphere sintering.
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Figure 4.1 Scanning electron micrograph of neck growth between 32 pm nickel spheres during
sintering at 1050°C (1323 K) for 30 min in a vacuum. Prior to sintering the particles were loosely

packed into a crucible.

Simtering: Fom Emtpincal Obsenntions o Sesentific Prinsiphes © 2014 Elsevier Inc.
DOI: hiep: 7+ d dorom /10,10 16/DT78-0-1 231 1HE2-R.00003-5 All rights reserved.
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Sintering Furnace Zones

Pre Heat High Heat Rapid Cooling




Continuous Furnace Temperature Profile

«—— BURNOFF—>}s—— SINTER —*j<—{<— cooL
AK |SLOW
HEAT | SOAK | HEAT | S0 com.'l

TEMPERATURE

TIME

FIG. 11.18 Temperature profile for continuous-flow furnace. (From Ref. 9.)



There are two lubrication techniques.

Intamal lubricant

— [ron powder

lron powder filling and compaction

One method is to blend a dry lubricant
with the powdered metal.

With the powder lubrication method,
the level of lubricant addition may
range from 0.5 to 1.5%.




Characteristics of Sintering Furnaces

4 ..-"‘P]-'if'ﬁ..-"':"' A

s

Design for Powder Metal Processing
MESH-BELT CONVEYOR FURNACE

TABLE 11.7 Typical Operating Temperatures for

‘_'_"?;':?"ﬂi':ﬁ?ii’%":-"ﬁﬁw:%
Sintening Furnaces

Maximum operating
Furnace temperature
type ("C)

e L e T e = —— e T

M;ﬂxﬁffﬁ}ff«m

Continuous flow

Bel 1150
Pusher 1150
Roller-hearth 1150
Wilking beam 1650
Batch type
Bell 2800
Elevator 2800 ! : ’
Vacuum 25800 WALKING-BEAM FURNACE

FIG. 11.17 Continuous-flow furnaces. (From Ref 8.)



Sintering temperature required for different group of materials
Table 6-4: Sintering temperaftures used for selected metallic and non-merallic materials

(partly accarding to [6.4])
Material fiut-rln; temperature
L

Aluminium alloys 590 ... 620
Copper 600 ... 900
Bronzes 740 ...78O0
Brass B850 ... 910
Nickel 1000 ... 1150
Iron-carbon, iron-copper carbon 1120
Iron-copper-nickel carbon 1120
Iron-manganese coppes 1120
Iron-copper-nickel molybdenum (Distaloy) 1120 ... 1200
Iron, iron-copper, iron-copper nickel 1120 ... 1280
Iron-chromium, iron-chromium copper 1200 ... 1280
Iron-manganese 1280
Iron chromium carbide (Cr,C)) > 12g0
Iron-vanadivm carbide > 1280
Iron-tungsten carbide = 1280
Iron-manganecse-vanadium-molybdenum- carbon = 1280
Iron-manganese-chromium-melybdenum- carbon > 1280
Eleotrolytic iron, carbonyl -iron, aluminimum-nickel iron (soft and

hard magnets) 1200 ... 1300
Hardmetals 1200 ... 1400
Heavy metals (heavy metals of W) 1300 ... 1600
Tungsten alloys 1400 ... 1500
Nitrides 1400 ... 2000
Melybdenum disilicide (MoSi, heating elements) to 1700
Aluminium oxide (AL O, - ceramic cutting 1ools) 1800 - 19200

2000 .., 2900

Tungsien, molybdenum, lantalum

Ref ASM
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Secondary operations are performed to increase density, improve
accuracy, or accomplish addinonal shaping of the sintered part

o« Repressing - pressing the sintered part in a closed die to increase
density and improve properties

o Sizing - pressing a sintered part 1o improve dimensional accuracy

o Comng - pressworking operation on a sintered part o press details
into 1ts surface

v Machining - creates geometnc features that cannot be achieved by
pressing, such as threads, side holes, and other details



Effect of double compacting
on mechanical properties of

Cr-Mo prealloyed
PM steels
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e Powder Metallurgy Progress, Vol.7 (2007), No 3 128

AS-REPRESSED PROPERTIES OF DOUBLE COMPACTED Cr-Mo
AND Mo PREALLOYED PM STEELS

M. Azadbeh, H. Danninger, Ch. Gierl

Abstract

Obrtaining higher densities is a major target in powder metallurgy, and
there are many parts that require higher densities than can be obtained
by conventional die compaction. One method for solving this problem Is
double compaction, which seems fto be a potentially attractive production
route in PM also for Cr-Mo and Mo alloyed steels. The objective of this
research was to find the optimum conditions for obtaining higher
densitics and minimise interconnected porosity. The effect of the
temperature of intermediate annealing was studied for Cr-Mo and Mo
prealloved steels, respectively, and the optimiun temiperature range was
identified. It could be observed that the density of repressed samples
increases with higher anncaling temperature up to a certain limit,
softening of the matrix as well as generation of free porosity through
some C dissolution being helpful, On the other hand, too high annealing
temperatures should be avoided either, since too much dissolution of
carbon during annealing is detrimental, resulting in harder and less
deformable compacts. Even at this latter condition, however, no
repressing cracks were observed.

Keywords: sintered steels, double pressing, density, annealing



M Powder Metallurgy Progress, Vol.8 (2008), No 2

STUDY ON THE INTERPARTICLE BONDING OF DOUBLE
PRESSED PM ALLOY STEELS

M. Azadbeh, H. Danninger, Ch. Gierl

Abstract

Double pressing is a common technigue for improving the relative density
of sintered steel components, with resulting beneficial effect on the
mechanical properties. To eliminate the work hardening introduced by
the first pressing, an intermediate anneal is done before the second
pressing, tvpically at temperatures at which carbon is not vet dissolved.
In this work, interparticle bonding caused by the intermediate anneal is
described through fractographic techniques for prealloved steels Fe-Mo-
C and Fe-Cr-Mo-C and compared to the fracture surfaces afier final
sintering. It showed that after annealing, interparticle bonding is
significantly more pronounced in the Mo alloyed steel than in the Cr-Mo
grade, apparently as a consequence of the more stable surface oxides in
the latter material. After final sintering however there are virtvally no
differences and with regard to mechanical properties the Cr-Mo material
offers considerable advantages.

Keywords: sintered steels, double pressing, presintering, interparticle
bonding



B Intemational Joumnal of 1SS1, Vel .7 (20109, No.2, pp.1-5

Investigation of influences of alloving elements and sintering temperature
on the properties of high strength low alloyed sintered steel

M. Azadbeh', N. Peyghambardoust”, VM. Mohammadpour’* and A, Kalantar®
Department of Materials Engineering, Saband University of Technology, Tabriz. Iran, PO, Box 51335-1996

Abstract

Producing parts with high density and improved mechanical properties is one of the most important aims of powder
metallurgy process. There are many factors for attaining modified properties i sintered purts but among them
controlling type and quantity of alloying elements and manulacturing parameters such as compacting pressure,
sintering temperture are the most effective.

In this reésearch, two senes of Cr-Mo prealloved powders with 1.5% und 3% chromium contents were used, and
then mfluences of manulactuning parameters on physical and mechanical propertics were investigated. The results
show that by compacting pressure and sintering temperature increment and chromium content decrement, density
is increased and subsequently physical and mechanical properties of low alloyed sintered steels are improved.

Kevwords; Low alloyed simered steel, sintering temperature, density, elecmical-conducnvity, mechanical
properties.




Avallable online al www.sciencedirect.com

o T .

">, ScienceDirect

JOURNAL OF IRON AND STEEL RESEARCH, INTERNATIONAL. 2011, 18(2), 52-55

Effect of Intermediate Annealing Temperature on Response of
Repressing to Densification of Pre-Alloyed Cr-Mo Steel

Amir Kalantari,  Maziyar Azadbeh
( Department of Materials Engineering, Sashand University of Technology, Tabriz 53317-11111, lran)

Abstract; Increasing density is one of the important factors for producing high quality powder metallurgy (PM)
parts, which has beneficial effect on mechanical propertien, One of the common techniques for achieving this goal is
double compacting, which seems to be a potentially attractive method in PM route, also for Cr-Mo alloyed-steels,
The objective of this research was to investigate the effect of lirst compacting pressure and intermediate annealing
temperature on sttaining higher densities and minimum interconnected porosity for Cr-Mo prealloyed stesl, The
effect of mentioned parameters was studied by measuring density. transverse rupture sirength and macrohardness of
repressed samples. The results show that {or each first compacting pressure, the density range of repressed samples
incresses with the increasing annealing temperature up 10 a certain limit, due 1o C dissolution which causes free po-
rosity and further densification, Annealing temperatures highee than optimum one should be avoided, since 100 much
carbon dissolution results in harder and less deformable compacts. On the other hand. with regard to repressed den-
sity and other resulted properties, the smount of first compacting pressure offers considerable advantage in obtaining
higher leve!l of density and consequently improved mechanicsl properties. _

Key words; double compacting; repressed density; repressed transverse rupture strengthy intermediate annealing
temperature



Material:
Fe-Cr-Mo-C

(Fe -1.5% Cr -

0.2% Mo)+ 0.6% C

Properties of F’E‘-Cl" "Iﬂ powder

Apparent density

285 2'em’

Flow

26 zec 5g

Particie size

45-150 pm

Chemucal analysis. %6

C

<().0]

Chromam

1.50

Molybdenum

0.20

Fe-Mo-C

1.5% Mo)+ 0.6% C

(Fe -

Properties of Fe-Mo powder

Apparent density

3.1 plenr’

Flow

25 sec/S0g

Particle size

45-150 pum

Chemical analysis, %

C

<0.01

Molybdenum

1.50




Specimen:

1 Compacting
Rectangular bars: 55 mm x 10 mm x 10 mm

at 600 MPa

|
Compacting

1%t sintering
at different
teperatures

2" Compacting

at 600 MPa

Compacting
Sintering:

Sintering at 1250°C was carried out in a laboratory _ Final
furnace with gas tight superalloy retort sintering
in flowing high purity nitrogen at 1250 °C

(min. 99.999 purity, flow rate 2 |/min).
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Repressed Density (Archimedes
Principle) g/cm3
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At 700 °C At 800 °C At 900 °C

Microstructure anE-MO-C,

compacted at 600 MPa and
15t sintered at the indicated temperature for 30 min, and
repressed at 600 MPa. (As repressed)



At 700 °C At 800 °C At 900 °C

Microstructure of Fe-C ['—MO-C,
compacted at 600 MPa and
15t sintered at the indicated temperature for 30 min, and
repressed at 600 MPa. (As repressed)



Green — 15 sintered at 1000°C Repressed

Fe-Mo-C




Green — 15 sintered at 1000°C Repressed

Fe-Mo-C



Green — 15 sintered at 1000°C Repressed

Fe-Cr-Mo-C




Green — 1% sintered at 1000°C Repressed

Fe-Cr-Mo-C




At 900 °C

Fracture surface of repressed F E-MO-C,

compacted at 600 MPa and
15t sintered at the indicated temperature for 30 min, and
repressed at 600 MPa. (As repressed)



At 800 °C

Fracture surface of repressed F C-CI'-MO-C,

compacted at 600 MPa and
15t sintered at the indicated temperature for 30 min, and
repressed at 600 MPa. (As repressed)



Effect of intermediate sintering temperature on sintered density
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Effect of intermediate sintering temperature on impact ene rgy
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Fracture surface of repressed and then sintered Fe-Mo-Casa function of 1% sintering tempareture

Compacted
600 MPa,

1** sintering -
30 min in N,

Repressed
at 600 MPa,

sintered-
60 min at
1250°C in N5

T :‘ ) A "; Y >
(L] ] l‘-- X L - -
ﬁ / ’ et

800 “C, higher magnification




Fracture surface of repressed and then sintered FE-CI"-MD-C as a function of 1st sintering tempareture

Compacted
600 MPa,

1** sintering -
30 min in N,

£ 5 B Represseo
A DL TN ot 600 MPa,

sintered-
B0 min at
1250°C in N,

T "|
N T AP

800 “C, higher magnification




» PM alloys are true engineered materials, and in order to achieve
the highest density, hardness and impact energy in PM steels, it is
necessary to optimise the properties of both interparticle and
intraparticle regions.

1 By proper manufacturing parameters, higher sintered
densities such as 7.39 and 7.35 g/cm3, respectively for
Fe-Cr-Mo-C and Fe-Mo-C using described method
under double compacting at 600 MPa and sintering at
1250°C for 1 hin N, are achievable.

J This technology offers opportunities for
development of high performance PM materials.

» Improved mechanical properties are achieved by such a
process, which is a consequence of the increased sintered
density.

Materinly Engineering Foculty




» This trend can be improved with increasing annealing temperature
to the specific temperature around 800 - 850°C.
J At higher examined annealing temperature the
repressibility drops.

& Materialn Enginesting Faciilty

» Because the microstructure obtained after
annealing at higher temperature is comparable
to very low temperature sintered bodies, the
macrohardness of green bodies before
repressing increases and repressing will be
done in harder samples since the repressing has
to overcome the already built up sintering
necks, that can cause defects and

microcracks, which may be not healed during
sintering process.

*On the other hand annealing at higher
temperature is uneconomic.




Sizing
Secondary operations are performed to increase density, improve
accuracy, or accomphish addinonal shaping of the sintered part

o Repressing - pressing the sintered part in a closed die o increase
density and improve properties

o Nizing - pressing a sintered part 1o improve dimensional accuracy
o Conung - pressworking operation on a sintered part to press details
into 1ts surface

 Machining - creates geometnc features that cannot be achieved by
pressing, such as threads, side holes, and other details
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Impregnation and Infiltration

» It can be exploited to create special products by filling the available
pore space with oils, polymers, or metals

 Impregnation: The term used when o1l or other flund 1s permeated mto
the pores of a sintered PM part

- Common products are oil-impregnated bearings, gears, and similar components

- Analternative applicanon is when parts are impregnated with polymer resins
that seep imto the pore spaces in liguid form and then solidify 1o create a

pressure tight part

( Infiltration: An operation in which the pores of the PM part are filled )
with a molten metal

= The melting point of the filler metal must be lower <

- Invelves heating the fitler metal in contact with the sintered component so

capillary action draws the filler into the pores

- The resulting structwre is refatively nonporous, and the infiltrated part has a ‘
\ more wnijorm density, as well as . . . toughness and strength —




Impregnation

( It can be exploited to create special products by filling the avmlahle\

pore space with oils, polymers, or metals

* Impregnation: The term used when o1l or other fluid 1s permeated nto
the pores of a sintered PM part

- Common products are otd-impregnated bearings, gears, and similar components

- An alternanive application is when parts are impregnated with polymer resins
that seep imto the pore spaces in {iguid form and then solidify to create a

\ pressure tight part /
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Fig. 1 Places where bushings are used
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Impregnation and Infiltration

( [nfiltration: An operation m which the pores of the PM part are f illed\

with a molten metal

- The melting point of the filler metal must be lower

- Imvalves heating the filler metal in contact with the sintered component so
capillary action draws the filler into the pores

- The resulting structure is relatively nonporows, and the infiltrated part has a
\ more wmform density, as well as . tosghness and strength
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FINISHED PRODUCT
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Powder Metallurgy Processes

RAW MATERIALS
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Production Sequence

”
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Procurement of raw materials needed for production of powdered metal part
Mixing / Blending

Compacting

Sintering

Post Treatments / Final Product

| Past Treatments” include, but not limited to; coining, sizing, closed
forging, copper infiltration, machining, heat treatment, induction hardening,
stream treatment, tumbling (deburrirg), shot blasting, shot peening, oil
impregnation, and platinz.

P/M Sintering Process

P/M Material Blending Compacting




