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SYNOPSIS

With the development of powder metallurgy, iron powder finds
increased applications as a raw material, A particular mention msy be
made of iron base bearings which are replacing their conventional counters
parts in industry due to thelr self-lubricating properties and their
superiority over other porous bearings such as the bronzes due to their
higher hardness, strength and a favorable coefficient of thermal expan~
sion which matches eclesely with that of the steel shafts. With this in
view, a study has been made about the preparation of ireon pawder by
electrodeposition and the utilization of this powder in the fabrication
of the porous bearings.

The electrodeposition of iron powder has been carried out in
& cell provided with mild steel anodes and stainless steel cathodes, em-
ploying ferrous chloride bath. The operating variables with their limits
used gre as follows:

Concentration of the bath.... 25 = 60 g/l
TemMPErBIUTC. s s casososseaoosos 220 = 4500
PHovoosonobnossossoonssnoonsona 3 = 5.5 _
Current density.osoossvossnss U0 = 150 amp./sq.ft.
Interval of powder removal... 5 = 60 min.

The effeect of the following modifying agents has also been
studied: @ -naphthalene sulphonate, glycerine, glucose and gelatin.
The powder is tested for its particle size, apparent density, flow
properties and specific surface.

This powder mixed with electrolytic copper powder is used
&as a raw materlal for the study of the bearing compositions. Bearings
from these powder mixtures are pressed in a speclally designed dle and
sintered in hydrogen. The effect of the following variables on the
properties of the bearings have been studied.

Briquetting pressure......... 5 = 35 tons/sq.in.

Sintering temperature:....... 900 = 1300°C
Sintering time.....evs00000.. = = 8 hours
Copper content..scoevoooss ses O = 30 percent
Graphite content...o.sovssess O = 6 percent
Particle 812€cuvcacossosocssas O = 100 percent

(=48+100 mesh)

The dimensional and density changes after sintering are
megsured and the bearings tested for their porosity and radial compresss
ive strength.



FOREWORD

The importance of powder metallurgy lies in the ability of
this technique to produce complicated metal shapes within & close limit
of tolerancel by a process requiring much less skill and time than ma-
chining, and much lower temperatures and fewer finishing operations than
casting. Moreover the products of powder metallurgy may possess all the
physical characteristics of thelr fused and cast counterparts as well as
many that cannot be obtained thereby. Refractory metals gnd cemented
carbides are examples of materials whose high melting points prohibit
the application of fusion methods. Even the most modern methods of
centrifugal casting have failed to produce products in which two or more
metals insoluble in each other in solid or ligquid state (such as copper
and lead) are combined in a structure of uniformly distributed constit-
uents. Yet another example is the self-lubricating bearing having a
multitude of Inter-comnecting pores which serve as a storage for lubri-
cating oil.

The new trend in powder metallurgy is to displace the con-
ventional methods of production of metal parts because of the saving
of time and cost. A striking example ig the gear of an oil pump. By
orthodox methods only skilled machinists have to be employed to prepare
these articles whereas by the new technigue even a layman may be trusted
to operate an aubomatic press. Another major consideration is that in
cutting a machined gear from a cast blank, about 64% of this metal is
lost in chips whereas by powder metallurgy technigue over 99% of the raw
material is fully wtilized. Powder metallurgy is however no panacea
and its applications are subject to certain limitations.

According to ;E?atch3 these limitations are based on three
main factors: materisl, men and machines. The characteristics of the
povwder detetgine to a large extent the properties of the finished pro-
duct. Balke hsge shown the importance of purity and density for the
attainment of maximum physical properties. The cost of the powder,
though unimportant irn small and intricate articles produced on a large
scale, does form an appreciable factor when the parts are large.

The equipment used in powder metallurgy industry lmposes
certain other restrictions. For economical production, expensive and
large presses of high capacity are essential. Another limitation is
the design of the dies and punches. Strength and wear resistance of
the die and the toughness and fatigue resistance of the punches have to
be considered. Other limitatione are imposed by the complicated and

s il o=



expensive eguipment for the production of the powder, for condition-
ing them and storing wlthout contamination by oxygen or molsture.
Furnaces operated at high sintering temperatures involve many replace=~
ments.

Overccming the above mentloned limitations calls for a
knowledge which can be geined by a systematic investigation. Hence
the present work was undertaken, to study the production of iron
powder by electrodeposition on a semi-pilot plant seale, and to
utilize the powder in the production of self-lubricating bearings
and study the different factors which affect thelr properties.

- yiii =



PART I

ELECTRODEPOSTTION OF TRON POWDER




I. INTRODUCTION

Iron powder forms a basic raw material in powder metallurgy.
When prepared electrolytically, there are three distinctly different
methods used.,5 (1) A hard brittle deposit is obtained which is sub-
sequently ground to a powder. (2) The metal is deposited in a soft
spongy condition and lightly rubbed into a powder. (3) The powder is
deposited directly as such from the electrolyte. Ferrous chloride and
ferrous sulphate baths have been used. A few preliminary trials showed
that coherent deposits are more often obtained with ferrous sulphate '
bath than with ferrous chloride bath. It was therefore decided to use
ferrous chloride bath and the present investigation is concerned with
the direct deposition of iron powder from the chloride bath.

Literature Survey

Several investigators have previously prepared iron powder
using varied conditions of bath composition, current density and tempera-
ture. However, it is not possible to say what conditions should be
employed to obtaln a powder having a particular screen analysis, good
flow and density properties which are the controlling factors in deter-
mining the properties of powder compacts.

Kroll6 obtained dendritic iron of 100-300 mesh size by using
molten ferrous chloride diluted with an equimolar mixture of NaCl and
KC1 to a concentration of about 20-30 percent ferrous chloride, a
current density of 1440-2800 ampg/sq.ft. and a voltage of 1-5 volts.

Stoddard7 recommends a bath containing ferrous chloride
45-200 g/l., a temperature of T70-90°C, a current density between 50 and
300 amp./sq.ft. and a pH between 1.2 and 2.4. Addition of 0.1-20 g/l
of a manganese salt serves to prevent coarsening of the grain size, and
to carry out electrodeposition at a lower temperature.

Wranglen8 used a solution containing 15 g/l of iron as
ferrous chloride and 100 g/l of ammonium chloride and studied the effect
of temperature from 20°C to 90°C and of pH from 2.5 to 6.5 on the nature
of the deposit. He found that higher current densities tend to deposit
finer powders and that the pH of the bath and hydroxide formation exert
an important influence on the nature of the deposit.



Casey9 prepared iron powder using a cell having stainless steel
cathodes and iron and carbon anodes such that about 5-10% of the current
passed through the carbon anodes. The bath was 30-90 g/l ferrous chloride,
10-80 g/1 ammonium chloride, pH 4.0-6.3 and current density 40-200 amp/sq.ft.

Cudd and Freemanlo produced iron powder using agueous ferrous
chloride or sulphate solution containing 250-300 g/l of the salt, a tempersture
of below 409C, a current density from 25-140 amp/sq.ft. and a pH between 1.8~
2.0. Modifying agents like gelatin saponins or peptones were incorporated in
the bath and were found to effect a reduction in the particle size.

Primavesill has described a method to produce iron powder using
iron or aluminum cathodes, separated from graphite anodes by a diaphragm.
The anodes are covered with iron scrap to prevent the generation of chlorine.
The operating conditions are: electrolytic bath = 10~100 g/l ferrous chloride
and 50=200 g/l ammonium chloride free from organic impurities, pH 3.0-6.5,
temperature below 70°C and a cathode current density of 50-200 amp/sq,ft°

The following table briefly summarizes the main conditions
employed by the various workers.

TABIE T

Investigator| Extra Concentration pH Current Density | Temp.CC
Additions g/l amp., /s5q. ft.

Kroll Na & K 200-300 ‘o 1500~3000 -
chlorides
fused bath .

Stoddard Manganese ko-2ko 1.2-2.6 25=300 T0~90
salt

Wranglen Amonium 15 2.5=6.5 100=200 20-50
chloride

Casey "o 30-80 4, 0-6.3 40200 -

Cudd and Gelatin, 250300 1.8+2.0 25-140 Below 40

Freeman peptone
saponin

Primavesi Ammonium 10<100 3.0-6.5 50=200 Below 70
salts

The obJject of the present investigation was to study quantitatively

the effect of the different controllable variables on the deposition of iron
powder from ferrous chloride bath and hence obtain conditions for the deposi~
tion of iron powder suitable for use in powder metallurgy.
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Electrodeposition: Chemistry and Mechsnism of the Process

Chemistry

Electrodeposition is the most significant method for powder
production of high melting point metals. The method is precisely the re=
versed application of the wells=known electroplating process.

Iron cathodes can be used although stainless steel or monel
metal serves better due to the bright surface polish and resistance to
chemical attack. Mild steel 1s generally used for anodes though pure
iron would be ideal. In some cases when chemical attack is appreciable,
insoluble anodes such as graphite or lead are used together with irom.

The principal cathode reaction is the discharge of ferrous
ions in the form of loose powder. However, when the supply of metallic
ions from the solution becomes lnadequate, hydrogen evolution invariably
occurs. Due to the depletion of hydrogen ions in the cathode film, the
pH is usually higher than in the bulk of the solution and hydroxide pre=
cipitation is the subsidiary reaction.

The electrodeposition in powder form ceccurs necessarily at
less than 100% cathode efficiency, whereas the anode efficiency is
generally above 100% due to anodic solution and chemical attack.

MEchanigm

Special conditions in the electrolybte cause the deposit to
be in the form of leoosely adherent fine crystals. The electrodeposition
of the metal causes a reduction of metallic ions in the vicinity of the
cathode; this is restored by mechanical movement and convection of the
solution, by diffusion and by ionic migration in the electrie field. The
film of liquid for a distance of about 0.5 m.m, from the ecathode is not
readily disturbed bz agitation and convection, and ionic migration is also
slow (Cire. 5 x 10°% em/sec/V/em).'® Thus, diffusion through the station
ary cathode layer is the prinecipal cause of the supply of ions. When the
rate of deposition exceeds the rate of supply, a part of the current is
diverted to an alternate cathode process, viz., hydrogen evolution. . The
metal ion concentration and the cathode potential change very rapidly
across the relatively thin film of cathode solution, the result being the
formation of excrescences on the cathode. These recelve a higher current
density, contributing to the growth of numerous tree-like, dendritic
deposits which may be easily separated from the massive cathode by a
8light disturbance.



Wranglen8 discusses the factors important for the formation
of powdery deposits. These are:

(1) Low metal overvoltage

(2) Depletion of the metal content
of the cathode film

(3) Formation of basic material in
the cathode film.

It is doubtful whether low metal overvoltage per se. is re-
sponsible for powder deposition, and it may as well be claimed that low
recrystallization temperaturel3, low melting point or low tensile strength
promote powder deposition. However, the fact remains that metals with low
metal overvoltage are much more easily obtained in powder‘form than the
high overvoltage metals. Furthermore, the other properties are found to
coincide with low metal ove:c‘voltag;e.,l[L

Under conditions favoring a high depletion of metal ions in
the cathode film, the deposited metal cannot form a coherent coating, but
tends to grow away from the cathode and out into the bulk of the solution
where the metal ion concentration is higher. Chiefly, these conditions
may be enumerated as an initial low concentration of the métal, a high
current density and a low temperature.

Precipitated flocks of hydroxide present in the film of the
cathode may settle down on the cathode surface and prevent it from grow-
ing, whereas the free parts of the cathode continue to grow, Precipita-
tion of hydroxide is promoted by the use of a neutral or only slightly
acidic! solutions and by hydrogen evolution which causes a depletion of
hydrogen ions in the vicinity of the cathode. Lower temperatures form
a contributing factor due to the slower rate of diffusion.

Tt must be noted that only precipitated hydroxide (gel form )
causes the formation of powdery or spongy deposits. Basic material in
the colloidal form (sol form) in the cathode film often has a contrary
effect fostering the deposition of fine~grained, smooth and hard deposits .

In the case of iron powder, depletion and a low cathode cur-
rent efficiency are fgvored by the same conditions of electrolysis,viz.,
low temperatures, high current densities and low initial concentration
of the bath. Thus,depletion and hydroxide formation are the principal
causes of deposition of iron powder.



IT. EXPERIMENTAL

Preparation and Analysis of the Solution

The electrolyte used was an aqueous solution of ferrous chloride
C.P. The normal strength of the solution was 30 g/l FeClo.UHpO. On stand-
ing, and similarly after electrolysis, the solution becomes turbid due to
the slight hydrolysis of the ferrous salt. However, this does not affect
the composition appreciably, and the precipitate can be easily filtered. The
iron content was estimated by titration against potassium dichromate solution
using potassium ferricyanide as an external indicator.

Apparatus and Experimental Procedure

The apparatus used in these experiments was similar to that
used by Joshi et al. 15 The electrolytic cell consists of a glazed porce=
lain rank with a bottom outlet. Stainless steel cathodes and mild steel
anodes (6" x L") spaced 2" apart are suspended from two threaded parallel
rods and kept in position by nuts. The rods are mounted on brackets
which are screwed to two spindles. The turning of the spindles enables
the entire assembly to be raised or lowered.

The bath liquid is circulated by a pump; a heat exchanger in-
corporated in a circuit controls the temperature of the bath. The current
is supplied by a motor generator set operating at 20 volts. A proper
resistance included in the cireuit enables the control of the cathode
current density.

The volume of the solution used in the experiments is about
six litres. The experiment is carried out for one hour, the powder being
gently tapped off the cathode at intervals of ten minutes. The powder is
removed from the bottom of the tank, washed free of the electrolyte and dried.

Recovery of the Product

As it 1s essential to obtaln a pure and unoxidized product,
considerable attention has been given to the washing and drying of the
powder. This is particularly important in the case of iron powder owing
to its reactivity in the presence of moist air. Thus, a freshly deposited
sample kept under water for a week is found to oxidize to the extent of 80%.



Among the numerous methods tried, particular mention may be
made of vacuum drying, drying in a reducing atmosphere, washing the pows
der with antioxidants like tartrate, stearic scid, ete., incorporation of
modifying agents like gelatin in the bath. Though some of these prevent
oxidation to a certain extent, none of them was quite satisfactory. A
method recently,suggestedl2* involves washings with too many solutions
and was therefore not followed. It was observed that the powder, when
heated in a reducing atmosphere, loses its resctivity and can be stored
without_any further oxidation taking place. The electrodeposited powder
is hard ™™ and in order that it may be useful in powder metallurgy, it is
essential to decrease its hardness by an annealing treatment in hydrogen
at a temperature varying from 600~700°C, even though the powder might
have been washed and dried without much oxidation taking place during
drying. Hence, the procedure followed was to heat the wet powder, washs
ed free of the electrolyte, to a temperature of sbout 650°C in an atmos-
phere of hydrogen, special care being taken to remove the final traces
of oxygen from hydrogen. Thus, both drying as well as annealing was
gchieved in one operation.

It must be mentioned that the ftemperature used in drying also
affects the particle size. If the temperatures are those at which gaking
takes placey then much coarser particles result, and powders which are
apparently non-flowing may have an appreciable flow rate. At the temperw
gture used for drying (650°C), caking of the powder was not noticeable.

Powder Characteristics

The iron powder so prepared was in each case tested for purity,
particle size distribution, apparent density, flow rate and specific surface.

The purity of the powder wa§6determined by estimating the per=
centage of metallie iron in the sample. The powder 1s treated with mer=
curle chloride solution whereupon the metallie iron reacts to form ferrous

*a procedure referred here12 consists of the following scheme. The product
is washed first with tap-water and the supernatant liquor decanted, then
with 1% sulphuric acid and then again with tap-water. A small quantity of
10% citric acid solution is mixed and allowed to stand for a few minutes.
The mixture is again washed with tap-water and then dilute ammonia added.
The wet powder is thoroughly washed by decantation with tap-water until
the supernatant liquor is colorless, and finally with distilled water after
which it is rapidly vacuum filtered, rinsed with acetone and rapidly dried
either on a hot plate or preferably in vacuum or dry hydrogen or coal gas.
This involves too many washings and was therefore not followed.

-6 -



chloride, the mercuric salt forming calomel or metallic mercury. Any
other impurity including iron oxide remains unaffected. The mercurous
salt or any mercury so formed must be filtered off before the solution

is titrated against standard dichromate. The metallic iron content was
usually found to be above 96% and the total iron content about 98.5 to 99%o

Particle Size Distribution

Particle size distribution is important in all powder utiliza-
tions, particularly in molding practice. A mechanical sieve shaker with
Tyler screens was employed. The results are represented on the basis of
median particle size which is the average particle size of the sample.

Apparent Density

Apparent density is important from the aspect of die construc-
tion and its influence on the characteristics of the finished product.
It was determined according to AsS:T.M. specifications;

Flow Rate

Flow rate is the time required (sec.) for a powder sample
of standard weight to flow through an orifice in a standard instrument
according to a specified procedure. The apparatus used was the same as
the one employed to find the apparent density. The results are based
on the time required in seconds for the flow of 25 g. of the dried powder.

Specific Surface

Specific surface is the surface area of one gram of the powder
usually expressed in sq. cm. Powder metallurgy technique is fundamentally
based on this factor. That it is related to particle size is obvious.
Finer the particle size, the larger the surface area. Apart from this,
it depends on the history of the powder. The one prepared electro=
lytically has the largest specific surface due to its dendritic porous
structure.

The apparatus used for the determination of the specific
surface was a'modificat%gn of the air permeability method, the one de-
signed by Lea and Nurse: The specific surface is calculated using
Carmen's equationl?



ITI. RESULTS

General Plan of Work

The general plan of work and the experimental procedure
adopted in these investigations are as follows:

A. Preliminary studies on the range of concentration
and current density giving satisfactory deposits

B. Detailed study of the influence of:

(1) Current density

(2) Iron concentration

(3) Temperature of the bath
(4) pH of the bath

(5) Interval of powder removal
(6) Addition agents on:

(a) Powder current efficiency
(b) Particle size distribution
(c) Apparent density

(a) Flow rate

(e) Specific surface

C. Studies of the drying conditions on the characteristics
of the‘[pow'dero

Preliminary Studies

Preliminary studies showed that the deposition range for iron
directly in the powder form is narrow. Powder deposition was found to be
unsatisfactory at low current densities. Low iron concentrations gave a
powder of a spongy nature, whereas high concentrations deposit a mixture
of coherent and powdery iron.

Detailed Studies

The following table gives the values of the conditions held
constant during each series of experiments and the extreme plausible
limits of the operating wvariables.



TABIE IT

Varisble

Fixed Value

Extreme Limits of
Variation

Current density

hHéO
Temperature
pH

Interval of powder
removal

Iron conc. as FeCl2

90 amp./sq. ft.

30 g/1
35°C

4.5

10 min.

40-150 amp./sq. ft.

25-60 g/1
20-45°C

3-5.5

5-60 min.

The results obtained by employing the different operating
variables are given in Tables III to VII and the results are shown

graphically in Figures 1 to 6.

Experiments have been carried out in the presence of addition
agents like glucose; glycerine, sodium pP-naphthalene sulphonate, and the
results are given in Table VIII.
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Addition Agents

In electroplating practlices of variocus metals, various organic
as well as inorganic additions have been found to Improve the plating from
a coarse to a fine-grained structure. Their effects,however,are yet to
be thoroughly understood so that their use is purely empirical. The effect
is attributed to their influence upon the polarization or cathode potential
and structure of the metal deposite.

There are basically no fixed rules for addition agents. They
may be specific in their action, i.e., an addition agent that works with
one metal does not necessarily work with another. Various other factors
like the pH of the bath have also some influence. Instead of a single
addition agent, two or more are sometimes needed in combination to produce
the desired effect.

The subject is thus a wide one and the practice is one of trial
and error. In the present series of investigations, the action of glucose,
glycerine and sodium naphthalene sulphonate has been studied in detaills
and qualitative observations made on the influence of gelatin, sapomin and
peptone. The results are presented in Table VIIT on the following page.

Drying Conditions

It must be mentioned that the temperature used in the drying
and annealing the powder also affect the particle size. When the temper-
atures are those at which caking takes place, much coarser powders result
and powders which are apparently non=flowing may have an appreciable flow
rate. An atmosphere of hydrogen is preferable because 1t presents a re=-
ducing atmosphere, imparts a bright appearance to the powder and on the
whole improves the powder characteristics. City gas and nitrogen were
tried but the gppearance of the powder was dull and the flow properties
poor.

- 2] =



XX X X XX, XX XX 0¢°0
ocee XX 2L:0 £°0g £*glL 620
0202 XX 0660 2 9TT 1708 0T°0 9S0ONTH
0LIT 8°g ArANT 0°€LT £-26 G0°0
0L6T X X 269°0 0°HOT 0°08 056°0
06ET X X SHI'T 2°0TT 0°18 SAle)
6£9 9°¢ LI6°T 2°04T 606 0T°0 SUTISVATYH
GLS 2°q 199° T CoHTeHT 9°16 G0°0
OHOT € HT 18°0 € 1L AR VA 05°0 :
06g 0°2T €0°T 213 0°1IQ 20 Speuoydns
09.L 66 GOE"T THTT 0°t6 0T°0 sweTeyuden
GHG 0°6 96T 82T 616 ¢0°0 unIpag
olera €°g 0T"T 266 1°68 TIN TN
SUOJIOTW pﬂ®ohmm %nmong
m\,SU,Wm *5098 iuoo\m 92Ts | AJUSTOTIIO | UOILRILIUDOUOD
20BJJINS anBx Kq1susp oToTqxed AUSIIND . 1ualy 1usly
oryroadg| wMoTd | juexeddy TBTPSH JISPMOT UOTATPPY| UOTITPPY

USBOIPAY JI9PUN DH0¢9-BUTAIP Jo sangyersdweT,
‘ulm QT = TeAowsx Jopmod JO TeAJONUT

G = HA Do6€ = sanjeasduey,

*43°bs/~dme 06 = £3TSUSD JUSIIND
ommﬁ.maoomﬂa\m 0€ = U3BQ 3U3} JO UOTHBIJUSIUOY

SINEOY NOILIAAY A0 IOEALT

IITA TIIVL

- 22 =



IV, DISCUSSION OF RESULTS

Powder Current Efficiency

Considering the process of electrodeposition, at low current
densities, the discharge of ions occurs slowly, and so the rate of growth
of nuclel exceeds the rate at which the new ones form. This gives a
coarse-grained deposit. As the current density is raised, the rate of
formation of nuclel will be greater and the deposit will be fine=-grained.
At very high current densities, the rate of discharge of ions is very fast,
so that in the vicinity of the cathode, there is depletion of the ions re-
guired for discharge and, as a result, the crystals tend to grow out into
the bulk of the solution. It is at this stage that the metal deposits in
the form of dendritic, tree-like powder.

It may be noted that below a current density of 50 ampe/sqnftG
the operation is not plausible due to the codeposition of a coherent and
powdery deposit. Below this value of the current density, it appears that
the rate of discharge of ions is not fast enough to cause sufficient de~
pletion of cations in the vicinity of the cathode so that dendritic out-
growth is not very much favored.

With an inecrease in current density above this value, condi~
tions favor depletion and hence facilitate powder deposition, until the
powder current efficiency reaches an optimum value of 85.5 percent at a
current density of 80 ampn/sqgfto In this range, hydrogen bubble evolu=
tion, by obstructing crystal growth, has the same effect as depletion, in
promoting powder deposition. Thereafter, evolution of hydrogen and heat
is excessive so that the powder current efficiency decreases to 80% at 150
amp,/sq,ft,

The change in the concentration of the electrolytic bath hasg
the most declding influence. It provides a very limited range for the
proper deposition of the powder. At low concentrations, viz. 25 g/l, the
current -carrying capacity of the solution 1s low and the secondary re=
action,viz. hydrogen evolution,is encouraged. This inereases the pH
of the cathode film solution which, with the high depletion of cations,
deposits a very spongy powder with basic material and with a low current
efficiency of T7.5 percent. Increasing the concentration increases the
rate of diffusion and accelerates powder deposition process giving an
optimum value of 92.5 percent powder current efficiency at a concentra=-
tion of 35 g/l. At a concentration of 40 g/1, the deposit is a mixture
of coherent and loose powder and any further increase in the concentras~
tion increases the amount of the coherent plating, and decreases the
amount of loose powder (Fig. 1).



The influence of concentration on the rate of formation of
new muclel is uncertain. Certain workers hold the opinion that the
presence of a large number of ions in & concentrated solution favors
the formation of fresh nuclel. Certaln experiments by Glazunovgl,hown
ever, indicate that the rate of formation of nuclei is actually decreased
by increasing concentration, but the plating is due to an inecrease in
the rate of crystal growth across the cathode surface, combined with a
decrease 1n the rate of growth in a perpendicular direction.

Increase in temperatufe has two effects which oppose each
other. In the first place, diffusion is favored so that depletion is
counteracted and coherent deposits encouraged; on the other hand, hydrogen
overvoltage is decreased so that gas evolution is encouraged which facilita-
tes powder formation. The ultimate effect depends upon which factor is
predominant. At moderate temperatures, it i1s the first factor that has
the deciding influence, whereas the second factor is important only in
electrolytic baths of fused saltsn8 At 22°C the powder is very spongy
and the current efficiency is T7.5 percent. It increases to 92.3 percent
at 45°C (Fig. 4d ) sbove which the deposit attains a coherent nature.

The pH of the bath has & pecullar effect on the powder
current efficiency. As can be seen from Fig. 5d, an optimum value of
the electrolytic bath maintaing itself without the addition of any acid.
At a higher pH, the deposit 1s spongy, basic material is precipitated
in & large quantity and the efficlency falls to 75.1% at 5.5 pH. At a
value of pH below 3.0, coherent powder is deposited and the operation
is not plausible.

The effect of interval of powder removal on the powder
current efficiency is shown in Fig. 1. It can be noted that as the
powder formation continues undisturbed, the current efficiency in-
creases. More energy seems to be spent on the formation of fresh muclei
than in the growth of the previously formed powder crystals. The ef=
ficiency increases to a peak value of 94 percent at 45 min. interval
and is very nearly the same at 60 min. interval.

On the whole it 1s found that the powder current efficiency

is low for a spongy deposit and increases ag the powder becomes coarser
in nature and suddenly decreases when the deposit tends to be coherent.

- O



Particle Size and Apparent Density

The increase in current density from 4O amp./sq.ft. to T0
amp. /sq.ft. increases the particle size of the deposit. Further increase
in current density causes a deposition of fine~sized powder (Fig. 2b). In
most powder deposition processes, the current density is above the limit-
ing value for the given electrolyte and hydrogen evolution is the side
reaction. As the current density 1s increased, the hydrogen evolution is
increased, and the bubbles interfere with the crystal growth, thus
giving a fine-sized powder. Secondly, due to the discharge of the hydro~
gen ilons, the cathode film solution tends to be alkaline and deposit
basic material which is the second factor in the formation of fine-sized
crystals. This is illustrated by the current density range above 70
ampa/sqoft, Up to this value, the hydrogen evolution 18 not sufficient
to interfere with crystal growth and the particle size increases between
L0 amp./sq.ft. and 70 amp./sq.ft.

With increase in iron concentration, the rate of formatien of
new nuclei is decreased and there is an increase in the rate of growth of
crystalsugl This is borne out by the experimental results by the increase
in particle size with increase in concentration (Figo 3b). With in=-
crease in temperature, the effective thickness of the diffusion layer is
decreased, and this favors an increase in particle size (Fig. 4b). With
increase in the pH of the bath, the cathode film solution tends to go far
in the alkaline region and deposits hydroxides. This causes the deposit to
be fine-grained and spongy (Fig. 5b). It may be mentioned that in all the
casesy as the particle size increases, the powder becomes hard and compact
and ultimately becomes coherent. This is well illustrated when the inter-
val of powder removal 1s steadlily increased. Up to an interval of powder
removal of one hour, the powder falls freely from the cathode. At the end
of two hours, it tends to cling to the electrode,while if allowed to grow
undisturbed for three hours, it forms an adherent plating.

Being closely related to particle size and shape, (the den=
dritic or tree-like shape is peculiar to all electrolytic powders), the
changes in apparent density are similar to those in particle size. How=
ever, when the powder is codeposited with an adherent plate, and similarly
when the particle size is large, the particle shape becomes rounded instead
of the characteristic dendritic shape. In these cases, there are apparent
irregularities in the nature of the curves of particle size and apparent
density. Figs,2b and 2d show that at 40 amp./sq.ft. current demsity,
the powder is codeposited with a coherent deposit, and though the particle
size is smaller than that at 50 ampo/sqnft,, the apparent density is
larger. A similar effect can be observed in Figs. ka and 4b. At h5°C,
although the particle size is smaller, the apparent density i1s larger than
at 35°C.



Specific Surface and Flow Rate

Since flow rate and specific surface are related to apparent
density, -1t may be noted that specific surface and flow rate curves are
similar (Figs. 2c¢, 3c, Uc, 5c and 6d, and Figs. 2a, 3a, 4a) and the curve
characterlstics are Jjust the reverse of those for apparent density.

Effect of Addition Agents

Among the varicus addition agents tried, gelatin, saponin and
peptone were found te have similar influences on the deposition of the
powders. These effects may be briefly summed up as feollows:

(a) The solution becomes viscous.

(b) A large amount of stable froth is formed at the cathodes
with the powder getting entrapped in hydrogen bubbles colleecting at the
surface and thereby getting oxidized to a certain extent.

(¢) Hydroxides separate from the solution and washing the
powder is difficult and slow.

(d) The range of the powder is increased with the use of
these reagents. Thus a good powdery deposit is obtained from a solution
of 60 g/l iron content with the use of 0.05 percent gelatin. Similarly,
a powdery deposit is obtained by using 0.25 percent gelatin in a solutien
containing 120 g/l of iron chloride. The particle size also becomes in-
creasingly finer with increased additions of these reagents, if other
conditions are maintained constant. The addition agents are surface active
substances and are adsorbed on the crystal nuclei, thus preventing their
growth; the discharged ions are consequently compelled to start new nuclei
and the result 1s the fine~grained deposit.

Sodium naphthalene sulphonate, glycerine and glucose were found
to be quite suitable and produced no froth. The effeet of these additipn’
agents on the powder characteristics is glven in Table VIII. Special
mention may be made of sodium naphthalene sulphonate. A concentration of
0.05 = 0.1 percent improves the flow characteristics, the average particle
size and the : apparent density. Within this range, the powder current
efficlency is also high and increases as the perrentage of the addition
agent Iincreases.



Vs CONCLUSIONS

The following conclusions may be drawn from the present
investigations:

(1) The range of conditions for direct deposition of irom in
powdery form from ferrous chloride solution is narrow. For the conditions
employed it was found that below a current density of 50 amp./sq.ft., the
operation is not plausible because of a coherent deposit. An optimum cur-
rent efficiency of 85.5 percent is obtained at 80 amp;/sq.ft. Above this,
the current efficiency decreases due to an increase in the evolution of
heat and hydrogen.

(2) The important factor is the concentration of the bath.
The optimum concentration is found to be 35 g/l (though 30 g/l was also
quite satisfactory). More dilute bath gives a spongy powder which presents
difficulty in processing while a more concentrated bath gives a mixture of
coherent and powdery deposit.

(3) Coherent deposits are favored by low cathode current
density, high temperature and high acidity. Lesser depletion of ions in
the cathode film solution and higher rate of diffusion or diminishing of
the thickness of the diffusion layer are factors leading to coherent
deposits.

(4) The maximum value of powder current efficiency is obtained
at 45°C at a pH of 4.5 (the pH of the electrolytic bath without
any addition of acid), and when the interval of powder removal is long
enough above 30 min.

(5) The median particle size and the apparent density increases
with iron concentration, temperature, interval of powder removal and with
current density up toan 80 ampb/sqoftn beyond which these decrease with a
further increase in current density. The flow rate and the specific surface
decrease in close conformity with increase in particle size and apparent
density. The powders codeposited with coherent platings show abrupt changes
in all their characteristics.

(6) A low concentration such as 0.05 - 0.1 percent of sodium
naphthalene sulphate, glycerine and glucose, improves the flow properties,
increases the average particle size, apparent density and the powder current
efficiency. Gelatin, saponin and peptone, though they give better powdery
deposits and increase the range of deposition, are not suitable due to the
formation of froth and due to washing difficulties on account of the higher
viscosity of the solution.
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PART II

BEARTNG COMPOSITIONS
TRON=COPPER POWDER BEARTINGS




I. INTRODUCTION

The preduction of porous bearings is a natural application of
powder metallurgy since all its important processing methods lead to ma-
terials which are porous per se. The two principal uses of pores in metals
are as storage space for a liquld auxiliary substance such as oil or grease
lubricants, or as separating cells for impurity-containing liquids. To the
latter category belong the porous filters, diaphragms and similar products,
while the porous bearings and bushings constitute the former. To fulfill
the purposes, the pores must be intercommunicating in character as well as
of carefully controlled shape, size and distribution. Pressing and sinter-
ing have been found to sult ideally to produce these very desirable proper=
ties. The pore volume incorporate in the bearings varies from about 15-40%
by volume, but is usually in the neighborhood of 25%. Depending upon the
bearing composition and the nature of oll, between 4-6% by weight of oil
is needed for a pore volume of 25% to be satisfied. Although in certain
cases provision has to be made to furnish lubrication from outside, in most
applications the lubrication is produced from within the bearing itself.

Mechanism of Self-Lubrication

The underlying principle of self-lubrication i1s briefly as
follows. When the motor is started, the rotating shaft brings the oil to
the surface by a direct as well as an indirect way. Firstly, the rotating
motlon of the shaft causes a pumping action. Secondly, as Bowden and
Ridler®? have found out, the bearing surface temperatures shoot to sur=
prisingly high altitudes,in some cases between 600°C to 1000°C, even
though the mass of the metal remains cool. Such frictional heat is the
second aid to the flow of oil from pores to the surface. At the Inter=
face between the shaft and the bearing, the oil forms a protective film
preventing direct metal-to-metal contact. A steady supply of oil is furnished
from the - pores to the entire bearing surface, resulting in a continuous
and uniform oil film, even at low rotating speeds. The thickness of the
film is automatically regulated by the surface temperature which in turn is
governed by the load and the rotating speed. Upon completion of the running
cycle, the oll is re-absorbed into the interior of the bearing by capillary
forces and the cooling of the bearing and the housing. However, a thin
film is retained by surface tension, thus preventing metal=to-metal contact
at all times. This alternate action is repeated every time the motor starts
or stops and, during running, the bearing furnishes adequate lubrication for
a long time without losses from dripping or leakage.

- 28 =



Bearing Compositions

Formerly, it was believed that in a bearing alloy, there should
be a fine distribution of hard compounds in a relatively soft matrix. The
basic theory for this was that the hard components would support the load
and the softer material, wearing away slightly, would form a reservoir for
oil. This has since been proved incorrect and today it is felt that any
metal or alloy can function as a bearing so long as 1t possesses certain
properties to a degree as outlined by Mougey23,viz. mechanical strength,
bonding characteristics, high melting point, fatigue resistance, anti-
friction properties, nonscoring characteristics, conformability, embed=
ability, thermal conductivity and corrosion resistance. Tin and lead form
the bases of two important groups of bearing alloys; other metals such as
copper, cadmium and aluminum are used in other types. Among the porous
bearings and bushings, copper-tin compositions were originally used ex~
clusively and are still used most commonly. Thelr main applications have
been in small motors of fractional horsepower capacity. However, they
have an inherent weakness in their low strength so that frequent replace~
ments are necessary on appliances of heavy loads. As a remedy to this,
the iron base bearing is a more recent improvement and forms the subJject of
investigation in this thesis. These have distinct merits in their higher
hardness and strength as compared to the bronzes and possess a favorable
coefficient of thermal expansion which matches with that of the steel shaft.
Langhammer2 compares the propertles of bronze and iron-copper bearing ma-
terials produced by Amplex Division, Chrysler Corporation, U.S.A., and the
results show that for the same specific gravity, the iron-copper bearing
material has two and a half times the ultimate strength, one and a half
times the Brinell hardness, three times the resistance to permanent de-
formation, and much smaller coefficient of thermal expansion although the
porosity was about 5% less - than the bronze bearing material.

Literature Survey

For the manufacture of bearings by the powder metallurgy method,
iron and copper powders are combined in varilous ways. Several workers have
studied the methods of combination of these powders, their compressibility
and the physical and mechanical properties of the bearing metals.

Schwartzkopf25'pressed iron skeletons from powder and sintered

to 85% density. Molten copper was then infiltrated in the skeleton and
thermally treated to secure hardness.
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Tormyn26 patented a process wherein iron powder is pressed to
the general shape and size, sintered at 2000°F, copper powder applied to
the surface and the whole repressed to compact the copper powder and density
of the iron, and then resintered at 1900°F in a non=oxidizing atmosphere.

Truesdale27 in another patent employs a method to coat indi-
vidual iron powder particles with copper. Finely divided CuoO is intimately
mixed with iron powder and reduced at 150-600°C by hydrogen until the re-
duction is complete. Additions of about 1% CuCl was found to ald the com-
plete envelopment.

Langhammer and Calkinsg8 prepared porous metal bearings using
a mixture of l@% copper and 90% iron such that the particles of iron are
on the average ten times the particles of copper, and sintering the bri-
quette in a non-oxidizing atmgsphere at a temperature between the melting
points of the two metals.

Bosch29 found that the compressibility of iron-copper mixtures
is improved by using copper powder such that its volumetric weight is smaller
than ~ that of iron powder.

KElly3O studied the influence of ceopper content and sintering
time and temperature on the properties of iron-copper compacts and found
that the tensile strength of a compact containing 10% copper sintered at
1200°C for ten minutes compared favorably over other copper contents with
similar treatment, and was greater than that of pure iron sintered at any
temperature for any length of time. The strength and the ductility of 10%
copper compositions increase with time for a sintering temperature of 1100°C.
At constant sintering conditions of 1100°C and one~half of an hour, both the
strength and the ductility increase with copper content up to 30%, the values
being three times at 30% Cu~Fe than at 5% Cu=Fe compositions.

Northcott and Leadbeater3l engaged in similar investigations
established a relationship between tensile strength and porosity of the
compacts and found that for constant porosity, maximum strength was ob=~
tained with 10% copper content. However the best physical properties and
highest densities were obtained for 25% copper=-iron ratioc sintered in
hydrogen for one hour at 1100°C  when copper was in the ligquid phase.

Chadwick;g§i§£,32 working with different kinds of iron powders
obtained results analogous to those of Northcott and Leadbeater. The opti-
mum tensile strength and elongation values were obtained with 25% copper
contents. It was found that iron powders of low compressibility (reduced)
gave betters physical properties than the readily compressible (electrolytic)
iron powders.

-~ 30 =



Langha.mmerEbr compared the physical properties of bronze and
iron-copper bearing metals and found that for the same specific gravity,
the iron~copper bearing material has two and one-half times the ultimate
strength, thrice the resistance to permanent deformation, and one and one=
half times the Brinell hardness and a much lower coefficient of thermal ex-
pansion, although the porosity was 5% lower than that of the bronze bearing

material.

Arata33 found that iron~copper compacts eompare very favors
ably in all physical properties such as ultimate strength, Brinell hardness,
PV factor ete. over both pure iron and bronze cempscts.



IT, EXPERIMENTAL

The Raw Material

The iron powder used in these investigations was prepared
electrolytically as described in Part I of this thesis. The copper
powder was also prepared electrolytically using acid sulphate bath and
electrolytic copper electrodes. Except in the series of experiments where
the particle size distribution is the variable, the iron powder mix had the
following size distribution:

-48 + 65 mesh 11.1%

-65 + 100 " 27.7%
-100 + 140 ™ 27. 7%
-14%0 + 200 " 11.1%
-200 + 325 " 11.2%
-325 " 11.2%

In general, the powder mix had 10% of copper and 2% graphite
except in the series of experiments where these were the variables. These
extra additions to iron powder were restricted to =325 mesh size. The size
distribution of iron powder was chosen arbitrarily on the basis of the pow-
der prepared electr@lytically,as described in the previous experiments.

The Die

The die 1s fabricated from alloy steel containing:

c  0.32%
Ni L.10%
Cr 1.30%
Mo 0.20% .

After machining to a slight oversize, the die was hardened by the following
treatment. The die was introduced in a furnace at 820°C and maintained at
that temperature for U5 minutes. On removal from the furnace, it was rapidly
cooled 1in an alr blast. It was then tempered at 250°C and air cooled.
This treatment gave the die material a tensile strength of about 100 tons/
sq.in. The die surface was then ground to a mirror-like finish to a close



1imit of tolerance. The figure shows the setup consisting of five parts.
The upper punch A 1is the movable part, which transmits the pressure and
forms the upper end of the briquette and ejects it from the die after com-
pression. The stationary parts are the die B which forms the outer dia-
meter of the bearing, the core rod C which forms the inside diameter,
and the base D which in conjunction with the ring E constitutes the
lower punch and forms the lower end of the bearing.

Briquetting

The core rod C 1is screwed to the base D, the ring E slid
over the core rod onto the base and the die B placed on it. The powder
is filled in the cavity so formed and the punch A brought down to com-
press the briquette. The gulde pins insure that the punch is in alignment
with the assembly. After compression, the base is unscrewed and the punch
brought down further to eject the bearing compact. The green bearing had
an inside diameter of 1.256" and an outside diameter of 1.763" compared to
the diameter of the core rod of 1.253" and the die diameter of 1.760".
Depending on the conditions of the experiment, the length of the bearing
varied between 0.53" to 0.75" for a weight of about 60 g.

Sintering

Sintering of the green compact was carried in an atmosphere of
hydrogen stripped of all its oxygen content by passing over copper turn-
ings at 600°C,

Bearing Characterisgtics

Green Density

Green density or the pressed density is the ratioc of grams to
cubic centimeters of a briquette compacted to specified dimensions by a
designated pressure.

Sintered Density

It is the density of the briquette after the sintering treatment.
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0il Tmpregnated Density

It is the density of the briquette fully impregnated with a
lubricant such as oil. The oil impregnation may be carried out with the
help of elther heat or pressure. As specified by A,S.T,M,3 s, the follow-
ing procedures may be employed:

(1) The specimen shall be immersed for at least four hours in
oil (viscosity approximately 200 secs. Saybolt Universal at 100°F) held at
a temperature of 180 * 10°F and then cooled to room temperature by im-
mersion in oil at room temperature.

(2) The pressure over the specimen after immersion in oil at
room temperature shall be reduced from atmospheric pressure to not more
than 2" Hg after which the pressure shall be allowed to increase to at~
mospheric in 10 minutes, the specimen remaining immersed in oil for the
whole period.

The bearing can be fully impregnated with oll by any of the
procedures. However, the second method was employed because of its con-
venience. The oil impregnated density is calculated as follows:3

D= ——

B
B-C

vl
it

Density g/c.c.

os ]
L ¢

Weight of the oil
impregnated sample

C = Weight of the sample
.suspended in water.

A.5.T.M. standards specify that the density calculated as asbove should lie
between 5.8 and 6.2 g/c.c. for the iron-copper bearings.3
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Porosity

The quality resulting from a multiplicity of pores distributed
in a compact and measured as the percent voids per unit volume is called
porosity.

Porosity is the basic property in powder metal bearings. The
pores, being intereommunicating, serve as a reservoir for the lubricant.
Obviously, the physical properties of the compact are impaired considerably
by an inherent porosity, The effect is not proportional to decrease in
cross-sectional area, but 1s largely increased by the multitude of pores,
each acting as an individual source for stress concentrations and notch
effects. Hence, for each application a balance must be struck between the
physical properties necessary and the maximum porosity possible. Thus, for
example, a bearing which 1s to be subjected to heavy loads at high temper-
atures requires a high porosity of about 35% and a specific gravity of
about 5.6. Here a coarse powder has to be employed with the resultant
large average pore size. For a bearing to be used for high speeds, light
loads and low temperatures, a high porosity and large pore size would re=
sult in excessive losses of lubricant. In such a case, a low porosity and
comparatively a smaller pore size is the correct choice and the powder will
have to be of a finer size. No doubt, the lubricant plays an important
part. A heavy oil with a high viscosity will be the most appropriate in
the former and a light oll with a low viscosity will sult the latter
applications.

L
The porosity is calculated as follows:3

B-A

e e 100
(B=C) x s x

P = Porosity percent

A = Weight of the sample

B = Weight of the oil impregnated sample
C = Weight of oil impregnated sample suspended in water
s = Opecific gravity of the lubricant

A.S.T.M. Standards specify that the porosity calculated as above must not be
below 18% by volume.
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Radial Crushing Strength

For satisfactory working, a bearing must possess a certain com-
pressive strength. A measure of this is the radial crushing strength which
is determined by compressing the test specimen between two flat surfaces,
the direction of the locad being normal to the longitudinal axis of the spec-
imen. The point at which the load drops due to the first crack is the
radial crushing strength,3 Accordiﬁg to A.5.T.M, specifications3h the
radial crushing strength determined as above shall not be less than the
value calculated as follows:

P = KLT

PR

DT
where

P = Radial crushing strength in pounds

D = Outside diameter of the bearing in inches

=]
]

Wall thickness of bearing in inches

L = Bearing length in inches

>~
it

Strength constant.

For iron=copper bearings, the value of X is 40,000.

In the present series of investigations, the length of the bear-
ing varied from 0.55" to 0.75", depending upon the operating conditions like
the briquetting pressure and the composition of the powder mix. The radial
crushing strength of a bearing varies directly with the length. Thus, com-
parison of the strength of the bearings is possible only if the bearing
length remains the same in all cases. Hence, in the representation of re=
sults, the value of the strength is corrected to that corresponding to a
bearing length of 0.57". This value of the length was chosen because it
gives a projected area (outside diameter times length) of one square inch.

- 36 =



IIT. RESULTS

General Plan of Work

A detailed study was made of the influence of

(1) Briquetting pressure
(2) Sintering temperature
(3) Sintering time

(4) Copper content

(5) Graphite content

(6) Particle size on

(a) Density

(v) Porosity

(c¢) Strength

(d) Changes after sintering
'in density, length and
diameter.

The following table gives the values of the variables kept constant and
their extreme limits of wvariation.

VARTABLE FIXED VALUE LIMITS OF VARTATTION
Briquetting pressure | 20 tons/sq.in. 5-35 tons/sq.in.
Sintering temperature | 1100 OC 900-1300 OC
Sintering time 1 hour 4-8 hours
Copper content 10% by wt. 0-30%

Graphite content 2% by wt. 0~6%
Particle size 35%(-48+100mesh) [ 0-100%
ﬁ _ . ., N . .
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IV. DISCUSSION OF THE RESULTS

1. Green Density

The effect of the different variables on the densities of the
compacts is shown in Figures 1b, 5b and 8b. From Fig. 1b, it may be seen
that the density steadily increases with increase in briquetting pressure.
This is natural since the closeness and the area of contact of the powder
rarticles are increased by the applied pressure and this is an index of
the density of the compact. It may also be noted that as the briquetting
pressure increasges, it tends to exert a lesser and lesser influence on
the green density. Thus, for a 10 tons/sq. in. rise in pressure from
5-15 tons/sq. in. the density increase is 0.8 g/c.c. from 4.1 to 4.9 g/c.c.
Between 15-25 tons/sq. in. increase in pressure, the density increases by
0.45 g/c.c. from 4.9 to 5.35 g/c.c. and correspondingly between 25-35
tons/sq. in. The increase in density is only 0.27 g/c.c. from 5.35 to
5.62 g/c.c. This happens because at low pressures, densification occurs
more by redistribution of the particles and reorientation into strata,
while the frictional resistance is comparatively low. At high pressures,
the free space in the compact decreases, and densification takes place by
a smoothing of the crevices and filling of the voids through plastic de-
formation. In this phase, the die wall friction becomes an appreciable
factor, and the energy expended is comparatively very large and increasges
beyond proportions as the density of the compact approaches the theoretical
value of the metal.

From the relationship between briquetting pressure and the
corresponding decrease in the volume of the compact, Balshin3 arrives
at the conclusion that if the height and the relative volume of a compact
decrease in arithmetical progression, the pressure must increase geo-
metrically. In other words, expressed as an equation:

logp=I1d +C

where d is the density and L and C are constants depending upon the
nature of the powder and conditions of compacting. Hence, if log p

be plotted against d, the nature of the curve should be a straight line.
Fig. la illustrates the linear relationship and endorses Balshin's
equation.
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Fig. 5b illustrates the increase in density with increase in
copper content of the compact at constant briquetting pressure. The den-
sity increases from 5.03 g/c.c. at 0% to 5.38 g/c.c. at 30% copper con-
tent. Copper being a metal with a face~centered cubical lattice is easily
deformable and 1s not subject to work-hardening at room temperatures. Iron,
on the other hand, being a metal with a body-centered lattice has a greater
resistance to deformation and has a great work-hardening tendency. Accord-
ingly, lower pressures are required for coherent compacts of copper than
for those of iron,and correspondingly for the same applied pressure, copper
compacts are denser than those of iron. Thus, greater the copper content,
greater is the density of the iron~copper compacts.

The effect of the particle size on the density is plotted in
Fig. 8b. It is seen that the density decreases as the particle size de-
creases. This 1s because the pressure is absorbed primarily by the shift-
ing of particles and deformation is only secondary. Thus, the finer sizes
will give a lower density than the coarse sizes for the same pressure.
However, although the density is low in the fine-~gized compacts, the
number of contact points is larger as can be seen from their higher
strength.

2. Sintered Density and the Changes After Sintering

On sintering there is an increase in the density of a powder
compact which is brought about by a reduction in the pore volume as well
as the over-all volume. With the application of heat, sintering starts
at the metal-to-metal contacts and the surface tension forces operate in
a direction to minimize the surface areas. The intensity ef the surface
energy being less . at the smooth surfaces than at the crevices, transfer
of the metal takes place, thus decreasing the over-all volume and increas-
ing the density.

Fig. 2 shows the effect of the compacting pressure on the
changes after sintering. With increasing pressures, the rate of increase
in density and the percent of shrinkage continually decrease. With in-
creasing compacting pressures, the microscopic, and perhaps molecular,
irregularities are lessened, and consequently during sintering,the sur=~
face energy differences being lower, the dimensional changes are also
smaller.

With increase in copper content, the sintered density in-

creagses the same way as green density (Fig° 5a). However, the percent
increase in density after sintering is 11.2% for 0% copper content,
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decreases to 9.16%.for a 10% copper content and then continuously in-
creases to 16.6% increasse for a copper content of 30%. The same trend
is seen in all the other changes after sintering, viz., that there is a
minimum shrinkage in compacts having a 10% copper content. The increase
in shrinkasge wilth Increase 1n copper content may be explained by the fact
that the liguld phase largely removes the surface films and other ir=-
regularities which would otherwise obstruct sintering and crystilliza~
tion. The rounded grains of the solid metal form closer bonds with the
liguld phase because of the increased mobility. The surface tension
forceg of the liguid also contribute to the formation of a closely knit
structure.

The effect of particle size on the sintered density and on
the changes after sintering is interesting; whereas, with increasing
varticle size, the green density increases, the sintered density in-
creases with decreasing particle size. This is illustrated in Figs. 8a
and 8b. The change in density is particularly sharp between 0% to 20%
of 100 mesh size content. The shrinkage in the diameter and the length
also show the same trend as may be seen from Fig. 9. The increased shrink-
age with increasing fineness of the powder mix is obtained, because, in
the case of the fin sizes, during pressing, densification takes place more
by redistribution of the particles than by deformation, so that during
sintering there i1s a greater allowance for dimensional changes. With
coarse powders there ls a large amount of deformation and cold working
Aduring deformation itself. Secondly, with the greater surface ares of
the finer particles, the surface tension forces are more active. The
third, though perhaps a minor factor, is that finer powders adsorb larger
amounts of gases than the coarse grades. During sintering, as the gases
force their way out, many new "clean" surfaces are produced, which again
takes place on a larger scale in fine-sgized compacts.

3. Porosity and Strength

Porosity and strength are inter-relsted properties in gz
porous powder compact. Increase in porosity causes a decrease in
strength. With increase in compacting pressure, the porosity decreases
uniformly from 40.36% at 5 tons/sq.in. to 20.1% at 35 tons/sq.in. pres-
sure. Correspondingly, the radial crushing strength increases from
103 1bs. at 5 tons/sq.in. to 700 lbs. at 35 tons/sqbin. pressure.. The
pressure affects the strength by increasing the number of contact points
so that the sintering progress is sccelerated and recrystallization and
grain growth proceeds faster (Fig. 1 c,d).
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Increase in copper content of the powder mix decreases the
porosity. Copper being more soft and deformable, it facilitates particle
redistribution and during sintering, the liquid phase produces a well~
knit structure. Strength increases with increased copper content. This
is due to the higher degree of densification of the structure by close
approach to individual crystallites and due to the increased grain growth,
because of the removal of surface films by the liguid phase (Fig. 5c,d. ).

With graphite additions, there is a decrease in the porosity
from 29.6% at 0% to 25.36% at 2% graphite content, and again there is an
increase to 26.4% at 6% graphite content. However, the strength de-
creases steadily from 545 1bs. at 0% to 270 1lbs. at 6% graphite content
(Fig. Tc,d.). Graphite additions improve the wear characteristics of the
bearing and act as a lubricant during compaction of the powder.

With increased fineness of the powder mix, the porosity de=-
creases and the strength increases. The increase in strength may be
attributed to the larger surface area of the fine powders and the greater
metal-to-metal contact (Fig. 8 c,d).

4, Effect of the Temperature and the Time of Sintering on Bearing
Characteristics

Figs. 3 and 4 illustrate graphically the effects of the
temperature and the time of sintering respectively on sintered density,
the shrinkages in length and diameter, the strength and the porosity. It
is known that neither the temperature nor the time affects markedly the
"sintering forces" so that their main function is to minimize the effects
of the factors obstructive to sintering, J'ones5 points out that the most
important effect of temperature in ailding sintering 1s the increase in the
plasticity of the metal. In the same way, the influence of time on com-
pleteness of sintering is a matter of plastic flow. More plastic the
metal, the more it will flow in a given time, and in the same way, more
of the metal of any glven plasticity will flow for a greater length of
time. Accordingly, for monometallic compacts, it is usually found that
with increasing temperature and time of sintering, there is inereased
shrinkage and a reduction of porosity in a powder compact. In the present
investigation, however, it is found that shrinkage decreases with increase
in temperature between 900°C to llOOOC,.and increases with further increase
in temperature. Porosity increases with temperature from 24.5% at 900°C
to 26.16% at 1200°C, and decreases to 24.5% as the sintering temperature
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is further raised to 1300°C. It is interesting to note that from 1100°C
to 1200°C, there is an inerease in shrinkage as well as a small increase
in porosity. In the same way, porosity which is 25.1% for-% hr. sintering
time increases to 27.8% for 4 hrs. and again decreases to 26.6% for an
8-hour period.

Schecht, et §;,36 studied the density changes of loose iron
powders of various origins and found that there is a marked drop in den-
sity starting near the eA- )Y transformation point and reaching a minimum
at 1000°C. Libsch,et al.3~7 did similar work with iron powder compacts
and obtained analoggﬁs results. The second factor which influences the
density changes and the porosity and shrinkage is the influence of gases
and vapors. In a powder compact, the potential sources of gas are:

(1) adsorbed films; (2) gases evolved by chemical action on heating;

(3) mechanically entrapped air. It is unlikely that the third source
plays any decigive part in the changes in porosity after sintering. Ruer
and Kuschmann have shown that the amount of gas adsorbed by metal
powders even at room temperature is considerable. Working with copper
powder prepared from cupric oxide by reduction with hydrogen at 750°C
followed by evacuation at L40°C, they found that it gained 5.44 mg/100 g.
within one hour. Similarly, reduced iron powder gained 20.43 mg/lOO g.

in the same time. The second source of gas,viz. that produced by chemicail
reaction or decomposition(Ex: by reduction of oxide films by hydrogen)may
be the major factor at highef temperatures. If these gases escape be=-
fore sintering and consolidation take place, it will be harmless, whereas,
if they are evolved after consolidation, the gas pressure being consider-
able, an increase in the number and the size of the pores will be the
result.

This affords a satisfactory explanation for the observations
in the present investigations. At 900°C and onwards, sintering has pro-
gressed sufficiently and the shrinkage decrease takes place due to eilther
A -7 transformation or the gas evolution or both in conjunction. Above
1000°C when the decrease in shrinkage and increase in porosity still con-
tinue, +the only affecting factor is the gas evolution. By 1200°C the
gas evolution is complete so that, due to the removal of oxide films, and
due to the increased plasticity, there is a decrease in porosity and an
increase in density at 1300°C. An additional factor is the presence of
copper in the liquid phase which densifies the structure.

The steady increase in the radial crushing strength of the
bearing compact, in spite of the irregular changes in porosity and
density, focuses ones attention on the ligquid cement theory of sinters=
ing. Theoretically, an increase in porosity should cause a decrease
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in strength, and this is observed true for monometallic compacts. However,
in the present case, the increased plasticity of cepper due to temperature.
more than counterbalances the negative effects of 1ncreased porosity.

The explanation for the apparent irregularities in shrinkage
with increasing temperature applies equally well to explain the irregu~
larities in shrinkage due to increased time of sintering It appears
that four hours 1s the optimum time, a point when the gas evolution is
complete, the shrinkage minimum and the strength maximum. If the time of
sintering be increased to eight hours, there is a decrease in porosity,
accompanied by a decrease 1n strength, which is more probably due to
grain growth taking place when the specimens are heated for a long time
at a high temperature as 1100°¢.

5. Operating Conditions to Obtain Bearings Satisfying A.S.T.M:
Specifications

The density limits specified for iron-copper bearings fully
impregnated with oil or lubricant are 5.8 and 6.2 g/c.c. All the bear-
ing compositions tried have densities lying within this range except
those obtained by using a briquetting pressure below 20 tons/sqain,,
copper content of more than 25%, graphite content above 3% and having
more than 60% of <48 + 100 mesh size.

The porosity need be above 18% by volume. All the bearing
compositions tried satisfy thls condition, except those having more than
25% copper contents.

The radlal crushing strength should not be below the value
calculated as follows:

2
p - KT
DT

P = radial crushing strength in lbs.

=
]

bearing length in inches

=
it

wall thickness of bearing in inches

D = outside diameter of bearing in inches

=~
it

constant the value being 40,000 for Fe-Cu bearings;

- 58 -



For the standard length of 0.57" of the bearing, the radial crushing
strength calculated from the above formula is 950 lbs.

The highest wvalue of 1000 lbs. for the radial crushing
strength is obtained when the bearing composition has 0% -48 + 100 mesh
particle size content. In this case, the density is 6.00 g/c.c. and the
porosity 22.5%. With the particle size content of 20% 48 + 100 mesh,
the strength is 760 lbs. with a density of 5.86 g/coc. and a porosity of
25.8%. In these cases, the briquetting pressure was 20 tons/sq,ino Using
a higher briquetting pressure (30-35 tons/sq.in.), the bearing strength
can be increased sufficiently to obtain a value much higher than the mini-
mum necessary, meanwhile maintaining the density and porosity within proper
limits. It has also been found that higher sintering temperature increases
the strength without decreasing the porosity (or increasing the density)
to an appreciable extent. Thus, increasing the sintering temperature from
1100°C to 1300°C increases the strength by 40%, while the density changes
only by about 6% and porosity decreases by about l%° Similarly, increase in
the time of sintering up to 4 hours increases the strength accompanied by
a small inerease in porosity. Increase 1n the copper content also in~
creases the strength. Thus, from 10% copper to 25% copper, the strength
increases by about HO%, density by about h%, while the porosity decreases
by about L4%. Thus, a combination of these operating variables can be
utilized favorably to obtain bearings satisfying A.S.T.Ms; specifications.
It may then be said that to obtain bearings satisfying A,S.T:M. specifica=
tions, the following conditions may favorably be employed.

Briquetting pressure :  20-35 tons/sq.in.

Sintering temperature : 1100° - 1200° C

Sintering time : 1«4 hours
Copper content ¢ 10 ~ 25%
Graphite content : 0 = 2%

Particle size distribution: Fine sized with as
little +100 mesh
particles as would
be possible.
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V. CONCLUSTIONS

The following conclusions may be drawn from the present
investigations:

1. Pressure

Increase in pressure causes an increase in green and
sintered density of a powder compact. With regard to green density,
Balshin's relation between pressure and relative volume of a compact
that logp= IV +C 1is found to be true within limits of experi-
mental error for the pressure range studled in these investigations.
The shrinkage after sintering decreases with increasing pressures.
Porosity decreases and strength increases with increasing pressures
so that a compromise must be effected between the strength necessary
and the porosity possible for any given compacting pressure.

2. Sintering Temperature

The strength increases with lncreased temperatures of
sintering. From 9OOOC to 1200°C there is a decrease in the density
of the bearing and an increase in porosity. The minimum shrinkage is
obtained in the temperature range of 1100°C to 1200°C. The increase
in porosity with increasing temperature is most likely due to the gas
evolution as the temperature increases. At 1300°C, there is a marked
increase in shrinkage and a decrease in porosity.

3. Sintering Time

The time and the temperature of sintering act in the same
direction. The optimum time seems to be 4 hours, when there is a maxi-
mum porosity and maximum strength.

L. Copper Content

Increase in copper content causes an increase in density,
a decrease in porosity and an Increase in strength. The shrinkage,how=
ever, shows a minimum for a copper content of 10% and is larger on
either side. Copper in the liquid phase removes the surface films and
promotes sintering which effects in the higher strength and lower porosity.

- 60 =



5« Graphite Content

Addition of graphite rapidly decreases the strength. The
porosity decreases up to 2% additions and increases with further ad~
ditions. The shrinkage characteristics also show a maximum between
2 to 3% graphite contents.

6. Particle Size

The finer the particle size, the smaller the green density.
This is because the pressure 1s accommodated more by redistribution in
the fine powders than in the coarse powders where deformation is a large
factor. The same thing causes a much larger shrinkage for fine-sized
compacts. A compact having 0% + 100 mesh powder has a 20% increase in
density and the same decrease in volume, whereas a compact containing
totally + 100 mesh powder shrinks only by T7.46% in volume and increases
by 5.36% in density. This is of great concern in the matter of die de=-
sign. The porosity decreases with increased fineness of the powder.
The finer the particle size, the greater the strength of the compact.
This is particularly noticeable between MO% and O% (+ 100 mesh) contents.
Hence, it is most desirable that a ‘compact should have as little of + 100
mesh powder and as much of the finer sizes as would be possible.

To obtain iron base bearings satisfying A.S:T:M. specifica-

34, the following conditions may be favorably employed.

tions

Briquetting pressure :  20=35 tons/sq.in.
Sintering temperature : 1100-1200° ¢
Sintering time : 1~ 4 hours
Copper content ¢ 10-25%

Graphite content : 0 ~2%

Particle size distribution : Preferably fine sized
wlth as 1ittle + 100
mesh as would be possible.
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