
The effect of allotropic transformations
on the sintering behavior of iron powder

Item Type text; Thesis-Reproduction (electronic)

Authors Ibarra, Santiago, 1940-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:37:05

Link to Item http://hdl.handle.net/10150/347516

http://hdl.handle.net/10150/347516


m e  EFFECT OF ALLOTROPIC TRANSFORMATIONS 
ON THE SINTERING BEHAVIOR OF IRON POWDER

by
Santiago Ibarra, Jr.

A Thesis Submitted to the Faculty of the
DEPARTMENT OF METALLURGICAL ENGINEERING
In Partial Fulfillment of the Requirements 

For the Degree of
MASTER OF SCIENCE

In the Graduate College
'THE UNIVERSITY OF ARIZONA

19 6 5



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree at The University 
of Arizona and is deposited in the University Library to be 
made available to borrowers under.rules of the Library.

Brief quotations from this thesis are-' allowable with
out special permission, provided that accurate acknowledgment 
of source is made. Requests for permission for extended 
quotation from or reproduction of this manuscript in whole 
or in part may be granted by the head of the major department 
or the Dean of the Graduate College when in his judgment the 
proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be 
obtained from the author.

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below:



ACKNOWLEDGMENTS

The author wishes to express his thanks to 
Dr. D0 Jo Murphy for his advice and encouragement during 
this investigation. Thanks are also extended to Mr, W, E, 
Horst for his help in clarifying important points concern
ing statistical analysis, and to Carlos Valenzuela for 
helpful comments during the course of this study.

ill



TABLE OF o o m m r a

Page

L I S T  O F  F IO'TjjRES o e d e o o o o o o o o o o o o e d ^ o e e e o o b o e a o o e o e e o o o o o  V I

L I S T  O E  T A B L E S  o o o o d e o d o o o o o d o o d d e f e d o o e o o d d e o e o o o o d o o o t t o

AJ3STEA0T O 6 o o © d d o o 6 d o d d o d © d a o d e o » d © d d d d © o e d d o » © d d o d o d d a d

I  ̂  I l X f T j R O O O O T I O ^  d d o d o o © '  G d d d d o d e d d o o o d d & d o d d o d o o d d d  I

II. LITEEATUEE B E V 1 E W . 4
i n . sooie' op w e  jm E S T im w m  .....   13
I V  o 1? P.0 0  D O C f O O O O O t S O C T O O C i O O O C O V O O O O C O C O O t i O C O O O d O  1 3

4.1 Test Material and Specimen
Pnepanatlon.. ......................... 1^

4.$ M e a s n r e i n e n t s * ^
4 .3  S 3-jfx cer zlz'i^ A.ppi^tnatns. . . . . . . . . . . . . . . . . . . . .  1%
4.4 MetallograpMo Exaolnatim.............. 20
4.5 Preferred Orientation................... 20

V. RESULTS AMD DISGDSSIQM........................ 22
5.1 Grain Growth During Sintering........... 22
5.2 Linear Shrinkage in Axial ana Radial

DzLrootlon............................. 25
5.3 Linear Shrinkage Ratio.................. 32
5.4 Density of Sintered Compacts............ 35
5.5 Suggestions for Further Work............ 36

VI. OOMCLDSIONS. o . . . . . . . . . . . . . . * . . . . . . 37
RaFEREMCES............................................. 35

iv



V

, Page

j fL P  P  P o o o o » o o o o o o o e o < i o o < > i > o t i i 0 6 o o o e o o d o o o o o o o o o o e p o o o  %

^ p P S i ^ O P ^ V .  X X d o o o o e o o o d o o o o o o o o e ^ o o o o o o o o o o o o e o o o o o o o o o e o  ^  4



LIST OF FIGURES

Figure Rage

1 Hardened Steel Die Placed On Laboratory
P re SSo0oooa0o»oodao*o6oooooooooo0.6oaoooo<Foo& I

2 Starre.tt Dial Indicator  .....   42
3 Electrically Heated Tube Furnace With End-

Cooled Stainless Steel Tube................. 43
4 Sintering Soat.oa..o.....o.....o...o..o.oo..*. 44
5 Temperature Controller. 45
6 . Temperature Recorder.......................... 46
7 Sintering Time Determination.................. 4?
8 Polarizing Microscope With Filar Eyepiece...... 48
9 drain Size vs. Compacting Pressure............ 49
10 Microstructures of Series I Specimens......... 50
11 Microstruetures of Series II Specimens,....... 52
12 Microstruetures of Series III Specimens....... 54
13 Microstructures of Series IV Specimens........ 56
14 Microstructures of Series V Specimens......... 58
15 Linear Shrinkage in Axial Direction vs.

Compacting P r e s s u r e . . 60
16 Linear Shrinkage in Radial Direction vs.

Compacting P r e s s u r e 61

vi



vii

Figure . Page

17 Preferred Orientation Diffraction Soane..,..., 62
18 Linear Shrinkage Ratio vs. Compacting

P r e s s u r e 6 k
19 Density vs. Compacting P r e s s u r e 65



LIST OF TABLES

Table

I Specimens Sintered. For 2 Hours at 87506«. =
II Speelmens Sintered For 2 Hours at 925o0ee.
Ill Specimens Sintered For 2 Hours For One

Cycle Between 875°0 - 925°C.............
IV Specimens Sintered For 2 Hours For Three

Cycles Between 875°C - 925°C............
V Specimens Sintered For 2 Hours For Seven

Cycles Between 875GC - 925°C....»<i......

Page

.. 66 
o. 67

.. 68

.. 69

.. 70

vlii



ABSTRACT

The sintering behavior of carbonyl iron powder 
prepared at various compacting pressures was studied. 
Sintering was carried out in the temperature range 875- 
925°0* over a 2-hour time range.

It was found that the compacting pressure had 
the following effects on the sintering behavior:

a. The grain size increased with Increasing 
compacting pressure,

b. The linear shrinkage in the axial and radial
directions decreased with increasing com
pacting pressure,

c. The final density increased with increasing
compacting pressure.

It was also found that cycling through the alpha- 
gamma transformation temperatures had the following effects 
on the sintering behavior:

a. The final grain size was found to increase
with increasing number of cycles,

b. The linear shrinkage of compacts sintered
in the alpha phase was greater than for 
those sintered in the gamma phase.
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As the number of cycles Increased, the 
linear shrinkage tended to decrease.
There was evidence that a preferred orienta
tion was present In the high compacting 
pressure segment of the 7-cycle series,
A notable increase In the linear shrinkage 
ratio was observed In the 7-oycle series.



I. INTRODUCTION

The increase in density of compacted metal powder 
with rising temperatures or prolonged heating occurs 
through a reduction of the pore volume within the compacted 
mass, and with it, the over-all volume. This phenomenon, 
generally referred to as shrinkage, begins slowly with 
cohesion of the powder particles. As sintering continues, 
particularly at higher temperatures, there is a steady 
decrease in porosity and a corresponding decrease in over
all volume,

During sintering# when two particles are in contact 
their two surfaces are drawn closer together, and the 
sintered area gradually increases and spreads outward 
from the first point of contact. Once two particles have 
sintered at a particular point, the shrinkage forces may 
be regarded simply as surface tension forces that operate 
to minimize surface areas, Kuczynski (1948) has shown 
these forces to be effective in conditioning the shape of 
metal particles,

Bausner (1963) has shown that powder particle size 
affects the shrinkage of a compact. Both the rate of 
shrinkage and the total shrinkage have been found to be 
greater for fine powder than for coarse, and this effect
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has been displayed by all metals«, Maximum shrinkage, 
however* has been noted in mixtures of fine and coarse 
powders»

Next to temperature and powder particle size* 
shrinkage is most affected by the density of the powder 
mass* i»e»* whether it is loosely or heavily compacted.
The higher the initial density* the smaller is the rate 
of densification during the sintering treatment* and the 
smaller also are both the rate of shrinkage and the actual 
shrinkage„ .

Recrystallization phenomena within and between 
the particles may affect shrinkage, especially at higher 
temperatures« Polycrystalline particles may thereby be 
transformed into single crystal particles which in turn 
may grow with neighboring particles into still larger 
grains requiring less space. In this process* small 
interstices between the original particles may be com
pletely isolated and may finally be closed entirely by 
the surrounding metal.

In 1931 Schlecht* Schubardt, and Duftschmid noted 
that if carbonyl iron powder was loosely contained in 
porous ceramic tubes and heated in hydrogen* shrinkage 
began at temperatures near the recrystallization tempera
ture and increased rapidly up to the alpha to gamma phase 
transformation temperature. Immediately above the alpha 
to gamma transformation temperature they noted a sharp 
decrease in the shrinkage.



The sintering behavior of iron powder in the 
vicinity of the alpha-gamma transformation temperature 
has been the subject of more recent investigations by 
Oizeron and Lacembe (1956)* and by Hausner (1963), The 
work conducted by these investigators indicated that fur
ther inquiry into this subject would be desirable. It 
was interest in this area of powder metallurgy which led 
to the investigation presented in this report.



1!. LITERATURE REVIEW

Powder metallurgy theory seems to be unresolved 
as far as selection of a mechanism for sintering is 
concerned. For over forty years researchers have been 
investigating the sintering phenomena of metal powders, 
but none of the mechanisms proposed has received general 
acceptance.

The proponents of the diffusion theory cite the . 
work of G. C. Kuczyns.kl (1948) who examined the behavior 
of individual silver spheres on a silver plate, and of 
copper spheres on a copper plate, when heated. Measure
ments of neck diameters which grew at this contact inter
face were obtained, enabling Kuczynski to relate growth 
of neck diameters, x, and time of sintering, t, to various 
sintering mechanisms:

x2 t for plastic flow
x t for evaporation and condensation

t for volume diffusion
x' — • t for surface diffusion.

Of these possibilities, Kuczynski claimed to prove that 
volume diffusion of atoms was the predominant mechanism 
for large particles at high temperatures, and that surface

4



5
diffusion was involved in the case of smaller particles 
at lower temperatures5 and at the beginning of sintering«

Proponents of the plastic flow theory refer to 
the work of Mackenzie and Shuttleworth (1949) as a basis 
for their argument„ These investigators noted that an 
isolated pore would not shrink as fast as a pore surrounded 
by other pores. They proposed that in the neighborhood 
of an isolated pore the shear stress caused by surface 
tension decreased with distance from the center of the 
pore, and therefore, beyond a certain distance, the stress 
would diminish below the yield point, no flow would be 
possible, and consequently no pore closure would occur.
They held that this situation would be greatly altered 
in a porous compact due to overlap of the stressed region.
In this case the yield point would be exceeded everywhere. 
Their theory led to the conclusion that pores shrink evenly 
throughout the compact.

Since experimental work has shown that in some 
cases some pores not only shrink faster than others but 
sometimes grow while others shrink (Alexander and Baluffi, 
1957)5 one is led to conclude that the plastic flow 
mechanism is not an entirely satisfactory explanation for 
sintering. However, the diffusion theory also has its 
drawbacks» It has been noted that there are many instances 
in which smooth surfaces of metals are observed to develop 
crystal facets by thermal etching, and there are also



instances in which growing pores inside crystals have 
developed their own crystallographies shapes (Jones, 1960). 
These observations raise the question of whether spherical 
shapes really ever do develop inside a sintered body.
Thus, doubt also appears to exist concerning the validity 
of conclusions reached by means of experiments with spheres 
and with plates.

Early information concerning the shrinkage of com
pressed powder compacts indicated that a change in the 
powder particles during sintering depended largely upon 
a state of instability inside as well as at the surface 
of the particles. Since this state of instability was 
dependent upon the method of production and treatment of 
the powder, the shrinkage process during sintering was 
thought to be controlled by the nature of powder (Dawihl 
and Rix, 1948). Further study of shrinkage characteris
tics established that in the sintering of different 
Single-phase or compound powders of widely varying appa
rent and compact densities, a constant relative decrease 
in pore volume accompanies the increase in density. A 
coefficient of relative decrease in pore volume was estab
lished which expressed the ratio of pore volume before 
sintering to pore volume after sintering (Ivensen, 1950)* 
Tvensen's work led to the concept of a densification 
parameter defined by Jordan and Duwes (1949) as follows;



where, Ds = density after sintering 
Dp = density after pressing

= density of the solid metal.
Important work has been done on the correlation 

of the pore shape and the mechanism of shrinkage. In 
compacts of ductile metal powders pressed at high pressures, 
the voids are squeezed Into flakelike, lenticular shapes. 
Their radii of curvature in the direction of pressing 
become much larger than in a direction perpendicular to 
it. Although the pressure of trapped gases is hydrostatic, 
the surface tension force is not. As a consequence, in a 
cylindrical compact, the pores may first shrink in the 
radial direction without marked change in the axial direc
tion. At a later time they may expand in the direction of 
pressing while then remaining unchanged in the radial 
direction. In this manner, after only a short sintering 
period, the length of a cylindrical compact would be 
unchanged while its diameter would have shrunk} after a 
longer time of sintering, the length might increase, 
while the diameter would undergo no further change. Thus, 
in sintered powder compacts, it can be expected that, if 
originally spherical pores are flattened.by the compaction, 
the combined action of surface tension at the edge of the



pores and an increased gas pressure at the flat sides will 
produce shrinkage and expansion effects in a preferred 
direction (Shaler5 19 9̂) <>

Shaler’s work was the first study concerned with 
preferred shrinkage direction, and it brought forth the 
concept of shrinkage control in industrial parts. Although 
the results were very useful in the general understanding 
of shrinkage, the mechanism-proposed could not be considered 
to be entirely correct because it relied solely on plastic 
flow.

Of particular interest in the study of the mechanism 
of sintering and the causes of shrinkage is the subject of 
recrystallization and grain growth, This interest prob
ably stemmed from the result of early observations which 
indicated that recrystallization occurred at higher tempera
tures in powder compacts than in cast metals (Sauerwald5 
1922). Although at the present time the nature of a grain 
boundary in cast metals is a subject that seems to be 
fairly well understood, a similar understanding of the 
nature of grain boundaries in sintered metals has not yet 
been developed. It has been observed, however, that those 
substances in which transport of matter occurs by a volume 
diffusion mechanism are in turn dependent upon the exist
ence of grain boundaries for the reduction of the pore 
volume (Alexander and Balluffi, 1957).



9
In a polycrystalline metal, grain boundaries are 

generally considered to be regions in more or less dynamic 
equilibrium with each other. At a boundary, the atoms try 
to fit the neighboring lattices as best they can, and it 
is presumed that there must be regions where the fit is 
good and regions where it is bad, The exact configuration 
depends on the mobilities of the atoms at the temperatures 
Involved,

During grain growth, it has been noted that some 
grains become smaller and others larger while the average 
grain size steadily increases. The' driving force for such 
grain growth appears to be the existence of surface ten
sion at the boundaries. This theory is supported by the 
fact that curved boundaries in general move towards their 
centers of curvature since atoms on the concave side are 
more completely surrounded by atoms of their own crystal 
than atoms on the convex side (Jones, i960),

limitations on grain growth may occur by inclusions 
or even pores that have found their way to grain boundaries. 
The dependence of grain size on pores and inclusions was 
reported by 0* S', Smith (19^9)» who proposed that contin
uous grain growth stops when the following conditions 
are approximately satisfied:

as - V



10
where* d » average grain diameter of grains 8

dp = average diameter of inclusions or pores 
f = volume fraction of inclusions or pores.

In a sintered compact* most of the pores initially lie on 
grain boundaries. These pores will tend to inhibit grain 
boundary movement especially in early stages of sintering.
As sintering proceeds, the volume fraction of pores gradu
ally decreases and finally the conditions of the Smith 
equation are fulfilled. The disappearance of more pores 
permits the grain to begin its growth. Thus*, some grains 
achieve requirements for grain growth beforeoothers and a 
Situation favorable to exaggerated growth occurs. As a 
result* many pores become Isolated within the centers of 
grains far removed from boundaries and then disappear 
very slowly or not at all. This inability to reduce the 
pore size is thought to cause cessation of compact shrink
age .

In pure Iron* a change in crystal structure occurs 
spontaneously at the allotropie transformation temperature 
point without any necessity for strain or other complicating 
condition. The grain size resulting depends upon the purity* 
and upon the temperature and the time in a manner quite 
similar to that in which recrystallization follows cold 
work (Samans* 1963)»

Allotropie transformations take place, by crystal 
lattice changes which occur by a process of nueleation and



growth. Although there are definite erystallographic 
relationships between the orientations of the original 
and the final grains there are several possible paths, 
particularly in cubic structures, along which the trans
formation can proceed. Thus, one alpha grain may trans
form into several gamma grains of different orientations, 
depending on the number of nucleation sites and the 
transformation path from each. Likewise, during cooling, 
several alpha grains, probably all differing in orienta
tion, may nucleate within one gamma grain. The net 
structural effect of either heating or cooling through 
an allotropic transformation, therefore, is a complete 
refinement of the grain structure into crystals which 
usually differ completely in orientation from the grains 
in which they formed, Interestingly enough, when cooling 
is conducted slowly through comparatively few alpha 
nuclei are formed. With a very gradual decrease in the 
temperature the rate of growth of the small number of 
new grains is rapid and a coarse alpha grain size almost 
invariably results (Samans, 1963),

The study of directional shrinkage has led to the 
development of a quantity called the linear shrinkage ratio. 
This ratio aids in considering the main direction of 
material flow and is expressed as the ratio of the linear 
shrinkage in the radial direction to the linear shrinkage
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in the axial direction. The value obtained is unity if 
both linear shrinkages are equalj it may have a value 
greater or smaller than unity if the shrinkage in the 
compact differs with direction, A varying linear shrink
age ratio is thus, an indication that material flow during 
sintering occurred in a preferred direction.

Using the linear shrinkage ratio, Hausner (1963) 
studied the effect of sintering compressed electrolytic 
iron powder compacts above and below the temperature.
The sintering temperature was cycled continuously between 
values at which first alpha and then gamma iron were , 
successively stable. The results showed a large preferred 
linear shrinkage in the radial direction and, under micro
scopic examination, it was noted that the specimens had 
developed an exaggerated grain size. Oizeron and Lacombe 
(1956) similarly studied the behavior of carbonyl iron 
powder. However, although they also noted an increase 
in grain size* they reported a complete cessation of 
Shrinkage» It was this difference in,the experimental 
observations of these investigators which prompted this. 
further study of the effect of the alpha-gamma trans
formation on linear shrinkage„ Accordingly, a plan was 
projected which sought additional experimental evidence 
for improved understanding in this area of shrinkage 
behavior.



III. SCOPE OF THE INVESTIGATION

As summarized above» both H. H. Hausner and 
Georges Cizeron studied the effect of the alpha-gamma 
transformation on the sintering behavior of iron powder 
and both indicated that there was a distinct change in 
the grain size when powder compacts were therrnocyeled 
above and below the A^ temperature. Hausner, however, 
reported an increase in the amount of directional shrink-* 
age and a corresponding increase in the linear shrinkage 
ratio, while Cizeron reported no shrinkage increase when 
the iron powder compacts were thermo-cycled. Hausner 
further indicated that there was no change in the den
sity of the compacts as a result of the thermocycling«, .

The above variation in results reported by these 
investigators motivated the present study which was 
'undertaken to acquire some systematic knowledge of the 
sintering behavior of carbonyl iron powder compacted . 
at various pressures and subsequently sintered at tem
peratures in the vicinity of the alpha-gamma transforma
tion.

One series of specimens was sintered below and 
one above the alpha-gamma temperaturej others were eyeled 
through this temperature. Observations and measurements

13



14
were made to determine the nature and extent of structural 
and dimensional changes which resulted with the view of 
furthering the understanding of the effects of the sinter
ing process under the imposed conditions<,

I



IV. PROCEDURE

4.1 Test Material and Specimen Preparation

The carbonyl Iron powder used was produced by General 
Aniline and Film Corporation. A high--purity powder; was 
designated as HP-116 and contained 99®5$ Pe, 0.05$ 0,
0.3$ 0# and 0.005$ N. The diameter of the powder particles 
varied from 4 microns to 17 microns# and the average dia
meter was about 11 microns. The powder was kept as free 
from oxygen as possible by allowing some argon gas to 
displace the air in the powder container after each use.

Cylindrical specimens approximately 0.505 inches 
In diameter and 0.18 inches in height (Appendix I) were 
compressed at five pressures: 10, 20, 30, 40, and 50 tons
per square inch. The weight of the powder used was in
creased with increasing compacting pressure so that the 
heights of all the compacts would be approximately equal.
The powder was placed in a steel die and leveled as much 
as possible to prevent weight gradients. Compression 
was accomplished without die lubrication at the rate of 
10 seconds per stroke. The die was arranged so as to 
produce double action compaction on the powder, thus 
reducing pressure gradients as much as possible. The

15



specimens were compressed on a laboratory press manufac
tured by South Bend Lathe, Inc. of South Bend, Indiana.
Its capacity was 30 tons on a 4-inch diameter ram. Figure 
1 shows the die and press in action.

4.2 Measurements

The powder used for the compacts was weighed on 
a torsion balance of the type RX-1 manufactured by the 
Torsion Balance Company of Clifton, Mew Jersey. It was 
possible to read the scales to 0.001 g. The iron powder 
compacts were weighed before and after sintering.

The diameters and heights of the compacts were 
measured on a Starrett dial indicator manufactured by 
the L. S. Starrett Company of Athol, Massachusetts (Fig. 
2). The indicator read to the nearest 0.0001 inches 
and was calibrated with Johansson gage blocks before use. 
This was accomplished by using a gage block which was 
approximately the same dimension as the specimen .to be 
measured. The dial indicator was set on the appropriate 
Johansson gage block and the. position of the dial indica
tor set at zero. The gage then was replaced by a specimen 
and the final position of the dial indicator noted. The 
difference between initial and final position of the dial 
indicator was added or subtracted from the Johansson 
gage block distance to obtain the measurement. In the 
measurement of specimen heights, an average was taken of
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one measurement at the center and four additional at the 
1* 4/ 7, and 10 o’clock: positions near the edges of the 
specimens. The value of the diameter was taken to be 
that determined by averaging three measurements taken 
at 45 to each other on the circumference of the specimen.

4.3 Sintering

The sintering heat treatments were conducted in a 
commercially-built electric resistance tube furnace (Hevl- 
Duty Company, Model 2012) shown in Fig. 3. The sintering 
chamber consisted of a 2-inch diameter stainless steel 
tube 24 inches long. The middle 12 inches rested within 
the furnace and the two'6-inch ends protruded outside the 
furnace and were cooled by water circulating in copper 
cooling coils soldered to them (Fig. 3). This arrange
ment allowed the sintering boat to be placed at one 
unheated end while the furnace reached the desired tem
perature, at which time the boat was pushed into the heated 
position inside the furnace. After the sintering was com
pleted, the boat was pushed on through to the other cooled 
end for fast cooling.

Since iron oxidizes rapidly at high temperatures 
in the presence of air, hydrogen gas was used to provide 
a reducing atmosphere during the sintering. The hydrogen 
was deoxidized by a DE0X0 catalytic purifier (Englehard 
Industries, Newark, lew Jersey) and then dried by passing it
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through calcium sulfate. After passing through the furnace 
tube, the hydrogen was burned by a natural gas flame which 
was positioned at one end of the tube, To prevent a 
hydrogen-oxygen explosive mixture, the system was made 
air-tight and flushed with argon before the hydrogen was 
allowed to enter, ..

The sintering boat was made by forming two sheets 
of mild steel into a square box 1-3/4 inches by 2 inches 
and 5/8 inches in depth as shown in Fig. 4. A thermocouple 
encased in a stainless steel protective tube was mounted 
to pass through the end of the furnace tube and to butt 
up against a back-stop on the other end of the sintering 
boat. This thermocouple, which recorded the sintering 
temperature of the specimens, was used to push the boat 
through the furnace. A total of fifteen specimens was, 
placed randomly in the sintering boat during each test.,
To prevent the specimens from coming in contact with each 
other, alumina powder was used between each specimen. The 
Sintering boat was coated with refractory cement to prevent 
metal contact with specimens,.

The temperature controller used was manufactured 
by the Minneapolis-Honeywell Regulator Company of 
Philadelphia, Pennsylvania. It was a Pyro-0-Vane portable 
type 10007-M (Fig, 5)» The temperatures used in the in
vestigation varied from 875°C to 925°C, Some tests required 
that the temperature oscillate between 875°C and 925°C.
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During this cycling, the temperature was varied by turning 
the controller on and off alternately. The temperature 
variation was charted on a recorder and controlled 
accordingly.

The thermocouple in Pontact with the boat was 
connected to a type CB-gigi04-0101 Brown Electronik re
corder (Fig. 6) manufactured by Minneapolis-Honeywell.

iIt recorded in millivolts the temperature of the specimens 
in the sintering boat. Set No. 1 of the resistor spools 
was used in the recorder which enabled the recording of 
millivolts from 0 to 50, 'This range included the thermo
couple temperature used in the investigation.

. To determine the.best time span for sintering, 
several preliminary specimens were prepared using com
pacting pressures of 10 tsi. This low pressure was 
selected to promote a large shrinkage. Four tests were 
carried out at 1, 3, 5, and 7 hours. It was found that 
the one-hour test produced 64$ densification; and although 
the longer tests produced more densification (up to 78$ 
for the seven-hour test), it was decided that the dif
ference did not justify the longer sintering times, and 
a two-hour test which corresponded with a 70$ densifica
tion was adopted (Fig. 7)»



20
4.4 Metallographlc Examination

Microstruetures of the sintered specimens were 
studied in order to determine the effect of sintering on 
grain boundaries. The specimens were mounted in polyester 
casting resin, and in lucite. After polishing, they were 
etched for 7 seconds in 5$ nital. The surface grains were 
examined on a Reichert polarizing microscope manufactured 
by the C. Reichert Company of Austria (Fig. 8).

Grain sizes were determined by the intercept 
method using a Filar eyepiece (Appendix II), and the 
results plotted against compacting pressure in Fig. 9® 
Photomicrographs were taken to show the differences in . 
grain size as a result of the different sintering treat
ments (Figs. 10 through 14).'

4.5 Preferred Orientation

X-ray diffraction was used to determine whether 
the sintered specimens developed a preferred orientation 
as a result of sintering under the imposed conditions. 
Reflection scans normal to the diameter and to the height 
of the compacts were made with an XRD-5 G. E. Diffraction 
Unit using a chromium tube. What was done essentially 
was to investigate the intensity of {112} planes which 
were chosen because their intensity peak on a diffraction 
scan was at a large 20 angle. X-rays were directed normal



to the surface so that the £ 112J planes formed a Debye 
ring which would vary in intensity in a symmetrical manner 
if preferred orientation existed. Specimens were rotated 
360° normal to the x-rays so that the Debye ring passed 
in front of the counter. Intensity peaks were detected 
by the counter and recorded on a chart. After a 360° 
rotation, the specimens were moved so that the x-rays 
impinged on their surfaces at a 5° angle from the normal. 
The same procesure was then repeated.



¥„ RESULTS AMD DISCUSSION

The results of this investigation are presented 
and discussed in the following sectionsa

5.1 Crain Growth During Sintering

The results of the grain size determinations 
are plotted in Fig„ 9. Figures 10 through 14 include 
photomicrographs illustrating the grain sizes of the 
specimens which were compacted at increasing pressures, 
and heat treated as indicated in the graphs„

5*1.1 Effect of Compacting Pressure on Grain Growth

Figure 9 shows that the grain size within each 
individual series increased with increasing compacting 
pressure* The latter introduced increasing increments 
of strain energy which provided the driving force for 
earlier recrystallization at lower temperatures. As a 
result, grain growth was enabled to proceed to a greater 
extent in specimens compacted at the higher pressures.
The Increase in growth with pressure appears to be linear 
in the case of the 875°C sinter, conducted within the 
alpha region of temperature. In the other cases, in which 
one or more phase transformations were involved, the growth

22



. 23
does not increase linearly with increases in compacting 
pressure. This is very likely a result of the complexity 
of crystal lattice responses induced by the phase trans
formations involved.

5.1.2 Effect of the Alpha-Gamma Transformation on 
drain Size

Figure 9 also shows a change in grain size with 
type of heat treatment that each series received. The 
smallest grain sizes were observed in the series sintered 
in the alpha range at 875°C. Larger grain sizes were 
observed in the series sintered in the gamma range at 
925*0.

The reason for the larger grain sizes in the 
latter case seems to be related to the effect of pores 
on grain boundary movement (C. S. Smith, 1949). While 
grain growth of the alpha phase in the 875*0 anneal was 
inhibited by pores in the vicinity of grain boundaries, 
growth of newly-formed gamma grains evidently proceeded 
to a much greater extent, aided by the structure read
justment resulting from the transformation as well as by 
the higher temperature.

5.1.3 Effect of Cycling on the Grain Size

A twenty-fold increase in the grain size was 
observed when the specimens were cycled through the I. I
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«alpha-gamma transformation temperature. It was also noted 

that the grain size of a series Increased with an increasing 
number of cycles.

The explanation of this behavior seems to be 
related to the repetitive occurrence of the processes of 
alpha grain growth, gamma nucleation, gamma grain growth, 
alpha nucleation, and alpha grain growth, in that order.
It Is to be noted that the grain size reached after the 
nucleation of a new phase depends upon the rates of nuclea
tion, N , and growth, G . A small grain size will 
result if N/G is large and a large grain size will result 
if N/G is small. At temperatures close to the phase 
transformation temperature, as in this case, the tendency 
for super-heating or for super-cooling is slight and the 
driving force for nucleation Is small, especially under 
conditions of slow heating or slow cooling through the 
transformation temperature.

With the small nucleation rate under the Imposed 
conditions, the effect of the cycling treatments may be 
considered in the following steps:

1. After Initial recrystallization in the 
early stage of the sintering treatment the 
alpha grains grew until the alpha-gamma 
transformation temperature was reached.

2. The transformation to gamma, proceeding 
from relatively few nucleation sites.



produced relatively few gamma grains which 
grew as the temperature increased to 925°0o

3» Upon the slow lowering of the temperature
through the transformation temperature, 
few alpha grains were nucleated and their 
growth was favored by the high temperature 
of the upper region of the alpha tempera
ture range„

4. The larger alpha grains, with corresponding
less grain boundary area, contained fewer 
nueleation. sites for nucleation of succeed
ing gamma grains upon re-cycling through 
the phase transformation temperature„

5. Continued re-cycling provided a repetitive
tendency for larger and larger grains„

Additional impetus for grain growth may have been 
provided by the inability of the pores in the lattice to 
inhibit grain boundary movement during continued trans- 
formations<> This impetus may have been responsible for 
the large increase in grain size observed in the high 
compacting pressure segment of the 7-cycle series (Pig.
9). A change in the linear shrinkage in the axial and 
radial directions is also apparent in this segment. These 
effects are discussed in the following section.

Figures 10 through 14 illustrate the effects of 
Sintering treatments on microstructure. Within each of



the treatments covered, both grain size and pore size show 
an increase with increasing compacting pressure. Although 
this difference is not as noticeable in the series sintered 
at 875°0 and 925°C (Pigs. 10 and 11), as it is in the 
series which were cycled through the alpha-gamma trans
formation temperature, it was quite plainly noted in the 
microstruetural examination of the specimens involved.
In a comparison of the treatments with one another, it is 
to be noted that there is a marked increase in the grain 
size and that the grain boundaries are not equiaxed after 
the cycling treatments. The decrease in uniformity of 
grains noted in the high compacting segment of 7-eyeie 
series was not considered in determining the grain size 
and is therefore plotted as dotted line in Pig. 9« x. Also, 
the pores of the 925°C series are larger than those of the 
875°G series. In conformance with the larger shrinkage 
results obtained at 875°G. The large grain size obtained 
in this work is similar to that obtained by Hausner and 
by Olzeron and Lacombe (See Literature Review).

5.2 Linear Shrinkage in Axial and Radial Directions

The linear shrinkage concept for evaluating 
shrinkage was used because it provided a means of follow
ing the mass transport that occurred in the compacts 
during sintering. Figure 15 shows the plot of linear
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shrinkage in axial direction vs. compacting pressure, and 
Fig. 16 shows the linear shrinkage in radial direction 
plotted against the compacting pressure,

5.2.1 Effect of Compacting Pressure on Linear 
Shrinkage

Figures 15 and 16 indicate that the linear shrink
age decreased with increasing compacting pressure. An 
insight into this behavior may be obtained by visualizing 
the packing of the powder particles in a die as an array 
of spherical particles all of the same size in a simple 
cubic or close-packed arrangement. As the pressure on 
the cylindrical die is increased, the powder particles 
move with respect to one another with a tendency to fill 
available void spaces. When further rearrangement becomes 
limited by particle - to-particle contact, the individual 
particles deform under the increasing pressure. The 
volume between the particles then becomes smaller as 
the pressure is increased, resulting in a gradual lower
ing of the overall shrinkage observed.

5.2.2 Effect of Diffusion on Linear Shrinkage

Figures 15 and 16 indicate that the greatest 
amount of linear shrinkage in both the axial and radial 
directions occurred in the series sintered at 875°C.
The least amount of linear shrinkage in both the axial
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and radial direction occurred in the series sintered 
at 9250Cj, except for a segment at the higher compacting 
pressures for which the 7-cycle series falls below it.

This behavior may be analyzed from the standpoint 
of lattice expansion and self-diffusion. As the tempera
ture of iron is increased continuously, the lattice expands 
until it reaches the transformation temperature. This 
well-known linear expansion effect is documented in a 
dilatometric study of the expansion of low carbon steel 
(Metals Handbook, 1948), and shows that a maximum expan
sion occurs at a point just below the transformation 
temperature. Immediately above the transformation tem
perature a contraction is in evidence resulting from the 
change in crystal structure from body centered cubic 
alpha to face centered cubic gamma.

This change in the crystal structure is also 
accompanied by a change in self-diffusion. The coeffi- 
blent of self-diffusion of alpha iron is 5.8 cm /sec • 
while that of gamma iron is 0.58 em^/sec (Le Claire,
1953)o The diffusion of vacancies is thus ten times 
as great in alpha iron as in gamma iron. The larger 
self-diffusion coefficient which exists in spite of the 
lower temperature is related to the presence of the body- 
centered cubic structure which is not as close packed as 
the gamma structure, and to the lattice expansion which 
occurs below the transformation temperature.
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The difference in the linear shrinkage in the 

axial and radial directions between the 875°C series and 
the 925°C series may thus be attributed to two factors:. 
the volume diffusion of the 875°C series is greater than 
that of the 925°C series thus supporting more shrinkage in 
the former; and the smaller grain size in the 875°C series 
(See section 5.1.2) provides more grain boundaries for the 
transport of vacancies to the surface.

5.2.3 Effect of Cycling on Linear Shrinkage

Figures 15 and 16 show that, with one exception, 
the linear shrinkage in both the axial and radial direc
tions decreases with increasing number of cycles. The 
exception is the high compacting pressure segment of the 
7-cycle series. For this series, at the higher compacting 
pressures, the radial shrinkage dropped less sharply than 
in the other curves in Fig. 16, while the axial shrinkage 
in Fig. 15 dropped more sharply.

In evaluating this behavior it is to be noted 
that shrinkage in general is due largely to the migration 
of vacancies through the crystal grains or through grain 
boundaries (5.2.2). During sintering and after the ini
tial recrystallization has taken place in the powder 
compacts, the grain boundaries of growing stress-free 
grains sweep out through the polyerystalline structure 
reducing the size of existing pores as they sweep. Of
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course, if the number of pores present is sufficiently 
great, they may inhibit such grain growth. Such inhibi
tion, however, may even serve to promote shrinkage by 
retarding the elimination of grain boundary channels 
which provide paths for migration of vacancies to the 
surface.

Two influencing factors thus seem to stand out 
in considering the effect of cycling on linear shrinkage. 
First, the growth of grains during cycling as observed 
in Sec. 5.1.3 does not occur in a. manner conducive to 
pore-size reduction. The rapid grain growth leaves many 
pores which ordinarily would come into contact with grain 
boundaries stranded in the middle of a grain. Such pores 
then do not have grain boundaries available as paths for 
the transport of vacancies, and instead are forced to 
rely solely on diffusion through the lattice for their 
elimination. In short. Cycling produces a larger grain 
size with fewer grain boundaries available for vacancy 
migration, and this condition tends to reduce linear 
shrinkage. Secondly, the difference in the coefficient 
of diffusion of the alpha and gamma phases seems to limit 
the amount of shrinkage possible when cycling through 
the transformation temperature. The amount of volume 
diffusion which occurs during cycling seems to cause 
the observed shrinkage under cycled sintering to be greater 
than that which resulted from the gamma-phase. sinter, but



less than that which resulted, from alpha-phase sinter. 
This observation is valid except for the high compacting 
pressure segment of the 7-cycle sinter. In this region, 
as noted previously, the linear shrinkage in the axial 
direction fell below the shrinkage of the gamma-phase 
sinter at the higher compacting pressures, indicating 
perhaps that another mechanism may be operating in this 
region.

The results obtained in this work do not indi
cate that shrinkage has ceased after cycling through the 
alpha-gamma transformation temperature as reported by 
Cizeron and Lacombe, Moreover, they seem to confirm 
the results obtained by Hausner who reported Increasing 
preferred directional shrinkage when cycling through 
the transformation temperature,

5.2,4 Effect of Preferred Orientation on Linear 
Shrinkage'

On the possibility that preferred orientation 
might underlie the linear shrinkage behavior noted above 
in the 7-cycle series (Pigs. 15 and 16), a qualitative 
x-ray diffraction examination was made of representative 
samples. Specimens were placed on a pole-figure gonio
meter and the presence of intensity maxima of the ^lls} 
family of planes (an indication of preferred orientation) 
was investigated. The results indicate (Pig. 17) pre
ferred orientation to be present only in the high



compacting segment of the 7-cycle series. The other 
specimens showed a fairly random orientation pattern.

Although these observations are not definite 
proof that preferred orientation is responsible for the 
changes which occur-in this region of the 7-cycle series, 
they offer a possibility for a seemingly unexplainable 
phenomenon.

5.3 Linear Shrinkage Ratio

The linear shrinkage ratio was obtained by 
dividing the linear shrinkage in the radial direction 
by the linear shrinkage in the axial direction. It 
provides indication of the direction of material trans
port that occurs during sintering.

Figure 18 shows that the ratio increased at the 
medium compacting pressures for the first four series, 
but decreased at the higher compacting pressures. The 
lone exception was the 7-cycle series which increased 
continuously with increasing compacting pressures. It 
is also to be noted that the linear shrinkage ratio was 
higher for the series sintered in the alpha range than 
for the series sintered in the gamma range. This is a 
further indication that preferred material transport 
occurs to a greater degree in the alpha range than in 
the gamma range. This phenomenon is discussed in the



following section. The effects of the 1-cycle series 
and the 3-cycle series on the linear shrinkage ratio are 
not evident from the plot.

5.3.1 Difference in Radial and Axial Linear 
Shrinkage

The linear shrinkage ratio indicates that the 
powder compacts shrink more in the radial direction than 
they do in the axial direction (Pig. 18). Such behavior 
causes the linear shrinkage ratio to rise above unity as 
observed. In general, preferential shrinkage is character 
istic of the compacting pressure. This behavior may be 
considered in terras of individual powder particles under 
a compacting pressure as shown in the following sketch.

Compacting Pressure 
(Axial Direction)

< Radial Direction ►
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The void between the particles tends to assume a lenticu
lar shape because of the pressure applied in the axial 
direction. During the sintering of the compact the pores 
tend to assume more spherical forms because of the surface 
tension forces. To achieve this spherical form, the 
material transport in the radial direction must be greater 
than in the axial direction. The linear shrinkage ratio 
thus rises above unity.

It was observed earlier that the linear shrink
age ratio for the series sintered in the alpha region was 
greater than the ratio for the series sintered in the 
gamma region. One may deduce that in attaining the spheri
cal voids mentioned above, material was transported more 
readily when sintered in the alpha region and that speci
mens sintered in the alpha region would thus shrink more 
in the radial direction than those sintered in the gamma 
region,

5.3,2 Effect of Oycling on Linear Shrinkage

Figure 18 shows that sintering for 1-cycle and 
3-cycle did not produce a significant effect on the linear 
shrinkage ratio. However, sintering for 7 cycles pro
duced a tremendous increase in the ratio. The Increase 
observed was the result of a decrease in the axial linear 
shrinkage and an increase in the radial linear shrinkage 
(Figs, 15 and 16), It is interesting to note that the



results obtained for the linear shrinkage ratio are similar 
to those of Hausner who found.that specimens compacted at 
high pressures and cycled had the highest linear shrink
age ratio. The linear shrinkage ratio indicates that 
under these conditions there is a tremendous increase in 
the amount of material transport in a preferred direction.

5.4 Density of Sintered Compacts

Figure 19 shows that the highest densities result
ing from sintering occurred in the compacts which were 
sintered in the alpha region; the lowest were those which 
were sintered in the gamma region. As the number of 
cycles was increased, the density of the sintered com
pacts decreased, except for the 7-cycle sinter. At the 
higher compacting pressures, the density of this series 
increased above the density of the 3-cycle series. The 
plot also indicates that there was an increase in the 
density values within each series with increasing compact
ing pressure. These measurements indicate that the final 
densities of the compacts were closely related with the 
amount of shrinkage observed in the measurements (Figs.
15 and 16)e an observation also reported by other inves
tigators in preceding work.



5 <> 5 Suggestions for Further Work

The present investigation indicated, that the large 
grain size observed (Fig. 9) was due to the specimens 
being slowly cooled and heated through the transformation 
temperature. It would be of interest to investigate the 
effect of subjecting specimens to more rapid changes in 
temperature as they were cycled through the transformation 
temperature, and also to note the effects of lower and 
higher temperature extremes on either side of the trans
formation temperature„ In connection with such variations 
the effect of an increasing number of cycles would serve 
to extend the knowledge of the trend noted in this work.

It would also be of considerable interest to 
observe a cross-section of a compact as It passed through 
the transformation temperature during sintering. Such 
an observation, which might be conducted through use of 
the hot stage on a metallograph, might reveal the behavior 
of grain boundaries and pores during sintering as well as 
the overall phenomenon of grain growth which appears to 
have such a significant relationship with shrinkage and 
densification.

Finally, a Study of the preferred orientation 
developed during cycling would be interesting. The author 
has found no information indicating What kind of texture 
would be produced by cycling through the alpha-gamma 
transformation temperature,



VI. CONCLUSIONS

The following conclusions have been drawn from
the results of this investigation.

6.1 Increasing the Compacting Pressure;

a. Increases grain size
b. Increases density
c. Decreases linear shrinkage in both radial

and axial directions.

6.2 Increasing the Number of Sintering Cycles Through 
the .Alpha-Gamma Transformation Temperature:

a. . Increases grain size
b. Decreases density (whereas Hausner (1963) 

.reported no change)
c. Decreases linear shrinkage in both radial 

and axial directions.

6.3 Linear Shrinkage is Greater:

a. In the radial direction than in the axial
direction

■ b. In alpha-phase sintering than in gamma-phase
sintering.

37
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.6,4 In Specimens Compacted in the Higher Range of

FFessures (30" to 50 tsi)3 Multi-Cycle Sintering 
X j - O j c l e s) through the Alpha-Gamma Transformation 
Temperature Produces"l

a, A marked increase in grain size
b» A marked increase in the linear shrinkage

ratio, i.e., much greater in radial than 
in axial direction (in conformance with 
results reported by Hausner (1963))

c. A preferred orientation in the structure.
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Figure 1 Hardened Steel Die Placed 
On Laboratory Press
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Figure 2 Starrett Dial Indicator
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Figure 3 Electric Tube Furnace With
End-Cooled Stainless Steel Tube



Figure 4 Sintering Boat
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Figure 7 

Sintering Time Determination
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Figure 8 Polarizing Microscope With 
Filar Eyepiece



Figure 9

drain Size vs0 Compacting Pressure
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Figure 10
Microstructures of Series I 
Specimens Sintered, at 875°C 

350X

a a 10 tsl Compacting Pressure
b, 20 tsl Compacting Pressure
c. -30 tsl Compacting Pressure
do 40 tsl Compacting Pressure
e0 50 tsl Compacting Pressure
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Figure 11
Microstructures of Series II 
Specimens Sintered at 925°Q 350X

a0 10 tsi Compacting Pressure
b. 20 tsi Compacting Pressure
ce 30 tsi Compacting Pressure
da 40 tsi Compacting. Pressure
@6 50 tsi Compacting Pressure
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Figure 12
Eierostructures of Series III 
Specimens Sintered, for 1-Oycle 

875°C thru 925°0 
32X

a« 10 tsi Compacting Pressure
bo 20 tsi Compacting Pressure
Co 30 tsi Compacting Pressure
do #0 tsi Compacting Pressure
e„ 50 tsi Compacting Pressure
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Figure 13
Mlerostruefcures of Series IV 
Sueolmens Sintered for 3-Cycles 

8750c thru 9250c 
32X

a, 10 tsl Compacting Pressure
be 20. tsl Compacting Pressure
Co 30 tsl Compacting Pressure
de hO tsl Compacting Pressure
e0 50 tsl Compacting Pressure
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Figure 14
Microstructures of Series V 
Specimens Sintered for 7-Cyeles 

875°C thru 925°G 
32X

a» 10 tsi Compacting Pressure
b„ 20 tsi Compacting Pressure
c. 30 tsi Compacting Pressure
d„ 40 tsi Compacting Pressure
ee 50 tsi Compacting Pressure
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Figure 15

Linear Shrinkage in Axial Direction vs„ 
Compacting Pressure
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Figure 16

Linear Shrinkage in Radial Direction vs. 
Compacting Pressure
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Figure 17
Preferred Orientation 
Biffraction Seans

a. Compressed at 50 tsi and 
Sintered at 925°C

b0 Compressed at 50 tsi 
3"-cycle Sinter,

ca Compressed at 30 tsi 
7-cycle Sinter

d0 Compressed at 50 tsi 
7-cycle Sinter
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- ■ Figure 2.8 

Linear Shrinkage Ratio vs. Compacting Pressure
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Figure 19 

Density vs6 Compacting Pressure
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TABLE I
SPECIMENS SINTERED FOR 2 HOURS AT 875°C

Series Pressure (Tsl) Density (g/om^)
X 10 6.802
I 20 To 084
I 30 To 237
I 40 To 338
I 50 7.428

Linear Shrinkage
Axial Radial Ratio

Crain 
Size (mm)

0.0924 0.1295 1.401 0.0134
0.0512 0.0924 . 1.806 O.OI85
0.0392 0.0691 1.774 0.0214
0.0304 0.0528 1.741 0.0247
0.0269 0.0412 1,533 0.0294



T&HLE II
SPECIMENS SINTERED FOR 2 HOURS AT 925°C

Linear Shrinkage
Series Pressure (Tsi) Density lg/cm3i Axial Radial Ratio

Grain 
Size (mm)

II 10 5.630 0.0420 0,0630 1=499 0.0325
II 20 6.240 0.0263 0.0439 1=673 0.0467
II 30 6.619 0.0216 0.0342 1=590 0.0503
II 40 6.865 O.OI78 0.0257 1.445 0.0504
II 50 7 = 062 0.0174 O.0219 1.266 0.0518



‘TABLE III
SPECIMENS SINTERED FOR 2 HOURS FOR ONE CYCLE BETWEEN

875°C - 92500
linear Shrinkage

Series Pressure (Tsi) Density (g/crâ ) Axial Radial ,Ratio
Grain 

Size (ram)

III 10 ' 6.695 0.0850 0.1164 1.369 • 0.1752
III 20 6.953 0.0473 O.O856 1.809 . 0.1984
ill 30 T.O87 0.0351 0.0624 1.776 0.2060
III 4o 7.184 0.0265 0.0454 1.715 0.2341
III 50 7.296 0.0225 0.0360 1.602 0.2241

OD



TABLE IV
SPECIMENS SINTERED FOR 2 HOURS FOB THREE OYOLES BETWEEN

875°0 - 925°0
Linear Shrinkage

Series Pressure (Tsi) Density (g/cm )̂ Axial Radial Ratio
Grain 

Size (ran)

If 10 6.348 0.0783 0.1048 1.339 0.1762
IV 20 6.785 0.0490 0.0769 1 = 568 0.2111
IV 30 6.812 0.0369 0.0535 1.561 0.2554
IV 40 6 e 964 0.0267 0.0433 1.685 0.2482
IV 50 7.036 0.0241 0.0319 1.210 0.2843

Chvo



TABLE V

Series

SPEOlREHS SIMEBED FOR 2 HOURS FOR SWEH OYOLES BETWEEN
875°C - 92500

Linear Shrinkage 
Pressure (Tsi) Density (g/cnr’) Axial Radial Ratio

Grain 
Size (mm)

? 10 5*961 0.0595 0.0839 1.420 0.1804
V . 20 6.4T7 0.0377 O.O615 1.632 0.2477
V 30 6,790 O.OI85 O.O527 2.866 O.2772

' V 40 7,058 0.0179 0.0440 3.105 0.5161
If 50 7,154 0,0130 0.0354 5.021 O.5669

o



A PP EN DI X I

Compact Height Determination

If is the height of a compact before sintering, 
and hQ is the height after sintering, the axial shrinkage 
of the compact may be expressed as 6h = h, - h, .

D  3

The dial indicator used in measuring the height 
had 0.0001 inch divisions,
was estimated to be +0.00005. The standard error, 
was calculated as.

The standard deviation, S,
S
-ffi-'

cr = ± Q-«000°5 = 
<3

0.00003

when n was equal to the number of specimens measured 
The variance of a general function of variables 

Involves the square of the partial derivative of the 
function with respect to each variable. Since Ah is 
calculated from functions of h, and h , then
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Since the standard deviations for and ha are the same, 
the above equation is easily solved as follows:

Cr2(Ah) = (1)2(0o00003)2 + (-1)2(0„00003)2 

(T (Ah) = + 0o000047

At a 95^ confidence level the smallest change in 
height (Ah) tolerated for 50 error is

1.96(00 = (1.96)(4,7 x 10"5)

Ah = 9.2 x 10~5

A graph of percent error vs h was made by deter
mining the percent error for several compacts of different 
height from a group which had been compacted at 55 tsi.
The percent error was found by dividing the smallest 
change in height possible by the experimental change in 
height of the compacts and multiplying by 100. The 
following graph indicated that the height necessary to 
give a 950 confidence level was 0.175 Inches. However, 
a height of O.lSO Inches was chosen to stay well above 
limit.
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AP P ENDI X II

Grain Size Measurements 
Using Filar Eyepiece

The Filar eyepiece is probably the most useful 
micrometer ocular used for metallographic measurements.
It consists of a Rarasden type of eyepiece wherein field 
and eye lenses are of equivalent focal lengths. The 
composite reticle of the eyepiece consists of a fixed 
micrometer scale ruled at Intervals of 0,5 mm; a vertical 
hairline that can be moved across the field of view by 
means of a micrometer screw; and a fixed horizontal hair
line running through the center of the field in a direction 
parallel to the axis of the screw,' The horizontal hair
line is for the purpose of orienting the specimen of 
interest with respect to the direction of movement of 
the vertical line, Sharp.focus of the scale and hairline 
may be secured by adjusting the eyepiece lenses mounted 
in a focusing sleeve. The micrometer screw which actuates 
the hairline is fitted with a graduated drum divided: into 
100 equal divisions, each division corresponding to 0,01 mm 
lateral movement of. the hairline across the field. One- 
tenth of each division can be accurately estimated, thus 
enabling measurements to be made to 0,001 mm.

74



In order to measure grain size accurately, it 
was necessary to calibrate the Filar eyepiece for a 
particular objective and measuring eyepiece combination. 
This was achieved by calibrating the Filar scale against 
the spacings of a stage micrometer for each of the object
ives used in the Investigation. The following steps were 
used to determine the grain size;

a. The distance traversed by the cross hairs
of the Filar eyepiece was determined for 
the objective by placing a stage micro
meter under the microscope and determining 
the number of rotations of the graduate 
drum necessary to traverse one milli
meter.

b» The specimens were placed on the stage,
and the number of rotations necessary to 
traverse the grains was noted, 

c. The average number of rotations necessary
to traverse one grain was calculated fromi
-the data.

do Since the number of rotations equal to
one millimeter had been determined in 
part a., the average grain size in milli
meters was readily calculated.

Kehlj, Go L., The Principles of Metallographic Laboratory 
Practice, McGraw-Hill, few York, 19^9


