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ABSTRACT

This research was concerned with a study of the origin and com-
position of the gases evolved on heating copper powders. The phenomenon
of gas evolution had been noted previously but since the quantities evolved
are small, suitable collection and analytical techniques had not been devel-
oped. The possible sources of the gas evolution were believed to be solu-
tion in the metal powder, adsorption on the powder surface, interaction
between the powder and atmosphere, or mechanical entrapment.

This research program involved the design, construction and
operation of suitable gas collection equipment, and the development of a
procedure to determine gas compositions using an analytical mass spectrom-
eter. Two of the possible sources of gas evolution were eliminated by the
test procedures employed. Loose packed copper powders were tested in an
inert atmosphere in order to prevent gas entrapment.

Copper powders manufactured by water atomization, air atomi-
zation and by electrolytic precipitation were investigated. The range of
partiicle sizes varied from 3 microns to a 20-48 mesh fraction. Desorption
was carried out in the temperature range from 300°F to 1400°F.

The results of this invéstigation showed that the gases that were
desorbed had their origins on the surface of the powders, This was shown
by surface area-gas evolution data and from studies of the effect of surface
alteration on the resulting gas evolution. The gases were identified as
water vapor, carbon dioxide, and sulphur dioxide. The major constituents

were water vapor and carbon dioxide. The quantities of gas desorbed were



of the order of 0.05 to 1. O milliliters per gram of powder and were a func-
tion of the powder type, surface area, and the temperature of desorption.
The results indicate that these gases are chemically absorbed on the metal
surface rather than being physically adsorbed. This was shown by the fact
that a single activation energy for desorption couid be determined for the
evolution of the carbon dioxide over the entire temperature range investi-
gated, If physical adsorption were a factor this could not be true since the
activation energy for such a process would vary with the quantity of gas de-
sorbed.

Surface élterations Produced by different manufacturing or chemi-
cal treatments of a given powder type had pronounced effects on the quantities
and compositions of the gases evolved on heating the powders. Subsequent
absorption after chemical treatment of the surfaces was a function of the
type of treatment used. Solution of the surface film with NH, OH inhibited
further absorption while treatment with HNO3 caused rapid readsorption.

Interaction between the evolved gases and the hot copper powders
was detected. The water vapor desorbed decomposed into Hz and O2 and
these gases were partially dissolved into the copper powder. The extent of

this reaétion is believed to be related to the solubilities of the dissociated
‘ gas components in the copper and the purity of the copper powder.

From the gas analyses and the mode of association with the copper
powders, it is believed that chemical cbmpounds of the type CuO - (COZ)X .
(Hzo)), CuO - SOZ’ and CuO - (COZ)X are formed on exposure of the pow-
der to the atmosphere, These compounds are intermediate between the
compounds found in patina on massive copper and simple physically adsorbed

films of gases.



To

My Wife and My Mother

i1



PREFACE

This Investigation deals with an occurrence frequently
encount;red in the processing of powdered metals, gas absorption.
It becomes a probiem when gas llberation during sintering causes
dimensional changes in the powder compact. Solution to this
problem was sought in this work by a study of the nature of the
desorbed-gases, and thelr course of desorbtion on heating.

A vital portion of this work was dependent upon analyses
of very small gas samples by use of aﬁ‘analytical mass spectrom-
eter. Considerable assistance was given the aﬁfhor by D. M.
Bréﬁn, mass spectrocoplist In the operation of this instrument.

Valuable assistance and ald in carrying out other phases
of this work were furnished by the members of the Doctoral
Commiftee, N ﬁafz, D. V. Ragone, C. A. Siebert and L. Thomassen.
The author 1s especially indebted to Professor M. J. Sinnott,
Chairman of the Doctoral Committee for his continuing aid and

encouragement during the course of the investigation.
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INTRODUCTION

Powder metallurgy 1s that section of metailurgy which
deals with the fabrication of englneering products from finély
dlvided metal particles. The propertlies of these products are
dependent upon many varlables. Some of these are: the}mechani—
cal and physical properties of the metal, £he compacting condi-
tions used in forming the powders lnto compacts of the desired
shape, and the sintering éonditions used to denslify the product.
In thils last operation, sintering, diffusional and coalescent
forces act at elevated temperatures to weld the individual metal
particles into a single dense metallic mass.

Since the interpartiele volds on the surface of a compact
tend to close early in the sintering process, 1t is a natural
consequencse that gaseous components are trapped within the com-
pact. The resulting pressures'may prevent the expected densi-
fication from occurring and an inferior product is produced.
Thils Investigation 1s concerned with the determination of the
composlition, quantlity and source of gases that may be liberated
on slintering.

Several sources of gas are recognlzed in powdered metals.
These are: chemical reactions between the ﬁetal and the sinter-
i1ng atmospheres,.géses entrapped during compacting, gases dis-
solved in the metal, and gases sorbed on the powder surface.

The effects of these gases on the powder compact are all simllar,

varying only in degree. It 1s thus very difficult to determine,



on the basis of mechanical and rhysical properties of the sin-
tered product, the effective gas source. Very few attempts have
been made to identify any of the gases or their sources in the
powders, slince isolating the very small quantltles of gas present
make thils an extremely difficult problem.

Gases associated with copper powders were studied in this
investigation, since it had been observed that the powders
evolved gas on heating and the composlition and origin of the
gas was not known. The powders were tested in the loose packed
conditlon under an inert atmosphere to eliminate the effects of
entrapped gases and to prevent possible reactions with the
surrounding atmosphere. Because of these restrictions, the
gases that are evolved are necessarlly dissolved gases or sorbed
gases or some combination of these.

It was the purpose of this investigation to determine
the nature of the gases and theilr association with the powders.
For thils purpose equilpment was designed for measuring the
volumes of gases evolved during heating of the powders as.ﬁéll
as for sampling this gas for analysis. The small quantities
of gas subseqﬁently found had to be analyzed with the aid of
an analytlical mass spectrometer since the sensitivities of
other more common methods of analysls were inadequate.

The source\of gases was determined by an investigation
of the variables affecting the quantlity of gas associated with

the copper powders. These variables included: method of



powder manufacture; surface areas of fractions of the same

type of powder; and surface treatments. The kinetics of gas
evolutlon were studied to determine the nature of the asso-

ciation of the gas with the copper powders.



- REVIEW OF THE LITERATURE

The.importance and signiflicance of the reactions between
geses and metals have been recognized for many years and the
literature in this field 1is very extensive. For the most part,
however, the work that has been done is concerned with gas
solubilities, the effects of atmospheres on properties, the
effect of gaseous environment on rates of oxidation or deoxida-
tion and allied subjects dealing with massive metals. Gas ad-
sorptlion has besen used as a mééng of determining su?face areas
of powdered metals and elaborate theorlies have beeﬁ advanced
to explain this phenomenon on clean metal surfaces at tempera-
tures near absolute zero (10)(25)i26)(32). The sorption pro-
cess has also been studied to some extent on controlled sur-
faces at normal temperatures. |

There are no.pﬁevious studies reported in the litera-
ture dealing with the specific fleld of this'investigatipn.

The studiles of room temperature adsorption combined with re-
sults of powder metals investigations have lead to speculative
discussions on the existence of abnormally high gas contents

in powdered metals. The resulting theorlies do not have as their
basis direct experimental evidence. The more Important of these
.dealing with the powder metallurgy are included in this review.
No attempt was made to include all the literature relevant to

the general topic of gas - metal studies.

-7)4-
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Reviews of the existing literature in regard to the
effect of gases on powdered metals have been made by Jones (30),
Schwartzkopf (43), and Goetzel (19). These authors point out
that gases'in powdered metals are derived from four sources.
These are, chemical reactions during sintering, inclusion.during
compacting, solution in the metal powder and sorbtion on the
péwder surface.

Any of the above gas sources, acting separately or simul-
taneously with others, can have a profound effect on the proper-
tiés of a sintered powder product. Each of these items must be
considered in any study of gas intersasction with poﬁdered metals,

so that the'various effects may be recognized and selectively

studied.

Chemical Reactlions During Sintering

It is recognized that the type of sintering media used
has a pronounced effect on the résulting properties of powder
metal compacts. Powders are generally treated in a reducing
atmosphere. These atmospherses generally consist of hydrogen,
carbon monoxide, or mixtures of hydrogen and nitrogen, or
partially combusted hydrocarbons (19). These gases will react
with the powder primarily by a reduction of included oxides or
dissolved oxygen. The reaction products are water vapor or
carbonydioxide (13). These products, as such, are not harmful
in thevsintering process., It 1s thought that these resctions

are necessary with heavily oxidized powders for proper sintering



to occur (27){ If, however, these gases are made late in the
sintering probess they are trapped in the closing pore system
of the compact. This produces "water vapor embfitflement" or
"carbon dioxide embrittlement" (3&)(36).
| Water vapor embrittleﬁent, not to be cénfused with
hydrogen embrittlement in ferrous metals, results from hjdro-
gen diffusion into copper and its subsequent reaction with
oxide inclusions, or dissolved oxygen. The water vapor pro-
duced cannot diffuse through the copper and causes straining or
actual bursting of the copper lattice (37). This results in
embrittlement of the copper. It 1s more severe when the copper
contains oxlides rather than dissolved oxjgen.
| In powder compacts the oxides are more readily accesas-

ible to the hydrogen than in massive copper, since they exist
on or relatively near the extended metal surface. Diffusion
distances are minimized and water vapor embrittlement can then
occur in the sintering compact either by water trapped in the
pores of the compact, or by water forming within the powder
particles.

| Carbon monoxide will not diffuse through the copper
lattice, but it will reduce oxygen dissolved in or compounded
with the metal surface (36). It therefore does not have an
embrittling effect on maésive copper, but the resulting carbon
dioxide may prevent proper densgification of a powder compact

1f trapped in the pores of the compact.




It has been shown that the surface of a compact has
the tendency to sinter before the center (38). Entrapment of
gases remaining In the center of the compact 1s then quite
possible. Thlis gas may exist in such quantity that it will
develop the pressure necessary to prevent pore diminution in
the center of the compact. Frenkel calculated the pressﬁre
necessary for such an effect on the basis of a viscous flow
theory of sintering (18).

In summary 1t can be-said that gases resulting from
chemical reactions during sintering may cause embrittlement
of a copper powder compact or may prevent its complete densi-
fication. There 1s, however, no evidence to indicate that
surfﬁce oxides can cause the frequently observed expansion
of the compact during sintering. Reactions between these
oxldes and reducing gases in the void spaces occur at a con-
stant temperature, the sintering.temperature, and the volume
of the reactants 1s just equal to thelvolume of the produéts
in both reductlon reactions discussed.

Some expansion of the compact might occur during sin-
tering 1f oxides within the powder particles are reduced, since
the volume of the water vapor produced is much larger than the
volume occuplied by the oxide inclusions and the hydrogen 4if-
fuses through the lattice as atomic hydrogen (29)(23).



Gases Entrapped During Compacting

Rap;d shrinkage occurs early in the sintering process
for loose packed'GOpper powders. Densitles near ninety-five
percent of theoretical may be attained by sintering under
various conditions in vacuum (40) (42) (11)(41).

In compacted powders densification does not occur as
rapidly. In the initial stages of sintering a marked expansion
may even occur. Drapeau measured a two percent increase'in the
length of a copper compact sintered four hours at 7§O°C (12).
Expansion of this type is frequently attributed to gas entrapped
in the powder during compacting.

Balke has reviewed the exlsting literature on the sub-
Ject of powder processing. He concludes that an lncreased
porosity 1s generally assoclated with higher compacting pressures.
This effect 1s due to the increased difficulty of gas removal in
the more thoroughly compacted powder. He suggests that vacuum
compacting would prevent this problem from occurring (3). Jones
suggests that there 1s a beneficial effect derived from design-
Ing powder metal pressing diles so that the entrapped gases may
escape during compacting. He also suggests the use of a vibrat-
ing die and powder hopper (30). Hardy found that there was less
compact expansion during sintéring of powdefs pressed in fast
acting presses and concluded that less gas was entrapped in this

method of compacting (24). Schwaftzkopf indicates that the
exact opposite is true (h3).



The methods used to study the effects of qntrapped
gases, observation of density, porosity and dimensional changes
during sintering, after various compacting operations do not
gilve direct evidence as to the quantitative effects of these
gaseas. This 1s the case since other sources of gas acting_
simultaneously may have similar effects on the observed proper-

tles of sintered compacts.

Gas Dissolved in the Metal Powders

The solubilities of many gases 1ln copper has been in-
vestigated. The more important of these are hydrogen £nd oxygen.
These may be introduced at any stage of the powder manufacture
or in its treatment. |

The solubllity of oxygen has been found to increase from
-0008 wt. percent at 600°C to .0032 wt. percent at 1040°C (35).
Above these limits the compound CuéO forms and is present as a
second phase. A eutectic reaction occurs at 0.39 wt. percent
oxygen 1in the copper - oxygen system. The characteristic struc-
ture of the eutectic makes small quantities of oxygen very ob-
vious when microstructures of cast copper are examined.

Since the equilibrium pressure of oxygen ovsr its solu-
tion in liquid copper, 1is very low, a small percentage of oxygen
above a melt will introduce a relatively high oxygen content.
This must’be removed by the addition of deoxidizers or the

powder made from such a melt will show an excess oxide phase

since the oxygen i1s not liberated on solidification (15) (45).
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The pressure of oxygen i1s low over the solid solution and the
oxide, consequently normal vacuum treatment, evenAat tempera-~
tures near the melting point will not remove oxygen from copper
powder (17)(9). |

The sélubility of hydrogen in liquid copper is a linear
function of the temperature and varlies as the square root §f
the hydrogen pressure at constant temperature (45). At the
melting point, the solubility decreases from s5h x 10~2 wt. .
percent in the liquid to 18 x 10-5 wt. percent in the solid,
at one atmosphere of hydrogen pressure (6)(4Y4). This decrease
in solubility results in evolufibn of hydrogen during the
sollidification process. If powder 1s made from such a melt,

a poroﬁs product may result.

The equilibrium pressures of hydrogen over 1its solu-
tlons, liquid and solid, are relatively high. It is therefore
possible to remove hydrogen.from pbwders by evacuation at
elevated tempeprsatures.

Hydrogen and oxygen may be dissolved in copper simul-
taneously, however as one component 1g increased the solubility
limit of the other is decreased. A general relationship is
shown by Eastwood for this effect (15). Adjustment of the excess
1s accompanied by the formation of water vapor. As a result of
this reaction, cppper'poﬁder may be high in either oxygen or
hydrogen, but is unlikely to be high in both.

Because the solubllities of both hydrogen and oxygen
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Increase with increasing temperature, very little evolution of
elther gas can be expected during sintering. Some gases may
evolve Iinto the pore system until an equllibrium pressure 1is
reached 1if none of these gases are present in the sintering
atmosphere. These pressures sare generally qulte low and as a
result porosity cannot be directly attributed to these dissolved
gases (30).

Aﬁy gas that is soluble in the copper may be dissipated
from the closed pores of the compact by diffusion through the
sintering compact, and is unlikely to be the cause of excessive
porosity. Exception to this rule exists when feactions occur
between two dissolved gases, such as the embrittling reduction
of oxygen by diffusing hydrogen. The rate of gas dissipation.
1s made uncertain by the wide varlation in diffusion constants,
for gases such as hydrogen, published in the literature (47)(7).

Gases may be present in the pore system of é copper com-
pact, because they are not soluble in the copper. The rare
gases which are sometimes used fop sintering atmospheres are
among this group (5). Nitrogen is also insoluble in copper (46).
Some of the compound gases are also nonreactive with copper as
well as being insoluble in it. Bacho found that carbon dioxide
wlll not react with copper below‘the melting point and Goetzel
suggests that it is a good sintering atmosphere on this basis
(2)(19). He also suggests that steam could be used for a sinter-
ing atmosphere for copper on the basis of work done by Koehring (31).
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Wyman also indicates that no réaction occurs between steam and
-copper (52). At least he shows that no reducing reaction occurs,
however'this'does not eliminate the steam as a source of dis-

solved oxygen in the copper.

Gases Sorbed on the Powder Surface
SE=etp 20 Doa on the Fowder Surface

The quantity of gas that may-be assoclated with A metal
powder surface is very large. The natures of the Various‘sorb—_
tion mechanisms are such that gas volumes much greater than the
;pore volume of the compacted powders may be introduced into the
sintering process on the powder éurface. Furthermore these
gases may not be liberated until late in the sintering process
after some of the pore spaces have been sealed.

Goetzel has observed a small spherical pore network
around copper partial boundaries even after sintering in a
vacuum (20). He attributes these to adsorbed fi1lms on the
powder. Actual swelling of copper powder compacts 1s frequently
attributed to gas desorbtion (19). This is particularly ob- .
vious with highly compressed powders. These show & marked de-
crease in density as the sintering temperature is raised. The
effect 1s due to internal pressure resulting from entrapment
of desorbed gases during rapid pore closure at high sintering
temperatures. Lower sintering temperatures allow the desorbed
gases to be vented through the pore network which is closing

at a much slower rate (49).

A reduced copper powdér was outgassed at };50°C in a
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vacuum and then exposed to air by Ruer and Kuschman {(39). After
seventy hours exposure a weight gain of .01 wt. percent was ob-
served. HNo identification of the adsorbed material was made.

It is, however, apparent that this weight of gas counld constitute

a relatively large volume at the sintering temperature. Dureau
and ¥Franssen have shown that copper powder milled under vacuum
will adsorb smsll amounts of nitrogen, hydrogen and carbon'monoxide
at room temperature (1}j). This same powder chemisorbed large
quantities of oxygen and carbon dioxide at room temperature.

The binding of gmsez to a copper surface duriﬁg chemi -
sorbition is such that relatively high temperatures and iong times
are necessary for their remowval (Ii6). Consequently these gases
may constitute a late source of gas during sintering.

Chemlisorbtion has been observed on the surface of massive
copper newly formed by electropolishing and by abrading in
vacmmm {1){16). In each instance oxygen was found to be rapidly
absorbed from air. An electron diffraction study of the films
showed that an oxide layer is formed soon after chemisorbtion
starts. As the oxide f£iim thickens, the rate of oxygen absorb-
tion decreases, but is still in evidence,

It is guite possible that compound gases may be absorbed
on the surface of copper in the same sequence as oxygen, with
compounds resulting in the same manner sas a surface fiim. The
limited thickness of such a £ilm would prevent any large guan-

tity of gas being so absorbed on massive copper, but the extended
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areas present wlith powders could easily accommodate relatively
large volumes of gas. Very little work exists on the nature of
such films but a great deal of effort has been expended 1n pre-
venting their formation.

Powders produced electrolytically from copper sulphate
and copper chloride solutions have beenlstabilized by the de-
position of a monolayer of stearate ions on their surface (50).
Tarnlish resistance has been Imparted to flake copper, used as
paint pigment, by coating them with a thin layer of partially
polymerized urea-formaldehyde resin (8). A C.5 percent solu-
tion of HBPOM has also been found to be effective in preventing
oxlidation of electrolytic powders (48). A sodium soap layer on
the surface of copper powder is also reported as a practical
means of preventing atmospheric corrosion of the powder (33).

Indirect evidence for the formation of chemisorbed
layers of gases other than oxygen is presented in studies of
the corrosion products of copper roof's and statuary. Investi-
gations of copper roofs exposed to the atmosphere for long
periods of time have shown that the corrosion product, patina,
consists of mixtures of copper sulphate and the basic carbon-
ates of copper (51). The proportion of these compounds varies
with exlsting atmospheric conditions. About three percent
carbonate is found in fural areas while thls figure increases
to twenty-five percent in 1ndustria1 regions. Artificlal patinas
have been reported that have the formula CuO . 3 HZO (22). This
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product was claimed to be similar in chemistry to natural patina
found on ancient bronze statuary. It is thus evident that chemi-
sorbtlion of carbon dloxide, water vapor and sulphur dioxide is
possible as a first step in atmospheric corrosion.

Chemisorbed layers of this nature could readily intro-
duce gas into the sintering compact, since all of the above
mentioned compounds have relatlively high dissociation pressures
in the temperature range used for sintering. For example copper
sulphate is found to decompose at atmospheric pressure at about
560°C (4). The basic carbonates, azurite 2 CuCO3 . Gti(OH)2 and
malachite Cu003 . Cﬁ(OH)a decompose at 220°C and 200°C res-
pectlively. The anhydrous carbonsate CuZCb3 1s unstable at room:
temperature (28).

It can be seen that fhe surface activity of copper and
the nature of its corrosion products may constitute a source
of gas which far exceeds in volume the amounts present due to

the processes previously mentioned.



EXPERIMENTAI PROCEDURES

Materials

In this investigatien gas from several types of 00pper.
powder was collected and analyzed. The powders varied in _
several respects. They are classified here, on the basis of
method of manufacture, particle size, appearance and micro-
structure. |

The powders were commercial grades of water atomized,
alr atomized and electrolytic copper. The water atomized powder
ls made by subjecting a stream of molten copper to a jet of
high velocity water. Generally a controlled atmosphere surrounds
the liquid copper and atomizing 1s performed in a closed chamber.
Alr atomizing is quite similar, except that a jet of air is used
to break up the liquid copper stream. Very little control of
the reaction between oxygen and the hot copper is possible with
this method. The powder resulting from both types of atomizing
1s generally charsacterized by a spherical particle shape.

Electrolytic powder is made by depositing metallic
copper on an electrode immersed in an electrolyte containing
copper salts. Proper control of the current denslity at the
electrode and the electrolyte composlition gives a porous and
brittle copper deposit fhat can be broken off the electrode as
a fine powder. The particle shape of electrolytic powder is
generally qulte irregular and 1s described as being dendritic

in shapse.
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The particle size of the powder was determined micro-
scoplically by using transmitted light and measuring the dlameters
of the particle on a projscted image. Averages were taken of at
least fifty measurements on each type of powder. Screenling was
also used for sizing of the water atomized powder, since this
was recelved with mixed particle size.

Visual observation of individual particles or of the
loose packed powder furnished information on the powder appear-
ance. The powders ranged from a typical copper red to a black
oxidized color. |

Powder samples were mounted in bakélite for examination
of thelr microstructures. They wére mechanically polished and
examined after etching with an ammonia hydroxide hydrogen.
peroxide etch. (75% NH) OH and 25% H,0,) .

| The water atomized powder was more thoroughly studied
in this investigation than were the other types of powder. The
other types were used primarily to verify conclusions reaéhed
on the basis of data taken.with_the water atomized powder. The
water atomized powder was relatively coarse as received and had
a particle size distribution which varied from about 20 mesh to
200 mesh, wlth the greater fraction between 20 and 48 mesh.
This powder was dark in appearance with some particles showing
no tarnish while others were completely black. The smaller
mesh fractions of this powder were spherlical, while the larger

particles were quite irregular in shape. Samples of this powder
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were tested after separation into various mesh fractions, as
well as, In the as-recelved particle distribution. The micro-
structure of this powder showed it to have an equiaxed grain
structure with very little oxide. Some inclusions of massive
oxldes were present, but no oxide eutectic was observed. A
photomlicrograph of this powder 1s‘shown in Figure 1. It can be
seen that some particles of a second phase do exist in the grain
boundaries, but these could not be definitely identified, even
at a thousand dlameters.

The other powders tested in this investigation were in-
cluded for the purpose of confirming the general nature of the
results from the water atomigwd powder. Among these.othér”
powders were three types of air atomized powder. The micro-
structures of thése powders are shown in Figures 2, 3, and .
These powders were all spheriecal, but they varlied 1n average
particle size. Powder number ocne, shown in Figure 2, had an
ave?age rarticle diameter of 15 microns. Powdef number'two,
shoﬁn in Figure 3, had an average particie diameter of 17
microns. Powder number three, shown in Figure l, héd an aver-
age particle diameter of 230 microns. The microstructures and
appearances of these powders varied only in degree. Each of
the structures can be seen to contain relatively large amounts
of the copper =~ copper oxide eutectic. The three powders were
dark colored. Powder number three differed from the others in

appearance, belng black while the others were a very dark red.
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Figure 1 ' X 1000

Figure 2 . X 1000

Microstructure of Air Atomized Powder No. 1
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Figure 3 X .1000

Microstructure of Alr Atomized Powder No. 2

Figure L X 1000

Microstructure of Air Atomized Powder No. 3



-21-

The finest powder iInvestigated was an electrolytic
powder that had an average particle diameter of three microns.
This paﬁder was receivedﬂin a sealed container enclosed with a
quantity of desiécant. It was a lusterlegs red color and 1t
appeared to be relatively free of tarnish. The particles were
quite irregular, havinz a dendritic shape. The structure of this
powder, showﬁ iIn Figure 5, was the typically strained structure
to Ee expected with an electrolytic product. No oxide was
apparent..

A powder of unkhown type was also tested. On the basis
of the mlcrostructure and particle shape shown in Figure 6,
which are very similar to those found for the electrolytic
powder, it 1is probabléythat this‘powder is an electrolytic
powder. The average particle diameter was 5 microns. This
powder was'someﬁhat darker than a clean powder normally appears.
It was maroon in color rather than the normal red associlated
with copper. This discoloration may have been due to the
relatively long period of storage to which this powder was
sub jected before tésting. It was known to have been stored in
the laboratory for somewhat over ten years wlth no precautians
to prevent atmospheric corrosion.

| A Mallinckrodt Chemical Company reagent type copper
powder was also tested. This powder was also of a relatively
small particle size, having an average particle diameter of
13 microﬁs. Its method of manufacture was not known, but the

spherical shape of its particle and the relatively high
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Figure 5 X 1000

Figure 6 ‘ -~ X 1000

Microstructure of Powder of Unknown Type
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percentage of oxide eutectic In 1ts microstructure 1lndicates
that 1t was probably air atomized. The microstructure of this

powder 1s shown in Figure 7. The powder was dark red in color.

Apparatus

The system that was designed for the removing and cocl-
lecting of gases from the copper powders 1s shown in Figure 8.
Pyrex glass tublng was used to construct the apparatus except
for the specimen tube, which was made of Vycor. The Vycor tube
was used to hold the copper powder durlng outgassing and was
necessary because of the relatively high temperatures (1,00°F)
attained. All stopcocks in the system were the high vacuum type
having a hollow plug and an evacuated bulb at their base. These
are Indicated in the figure by the symbol Sn. No iInteraction
between the system atmosphere and the stopcock grease (Apliezon N)
was noted, consequently the greater convenlence of stopcocks as
compared to mercury cutoffs justified their use in this system.
It was found that high vacuums could be maintained for long
periods of time 1n'the closed system, 1f these stopcocks were
properly greased. _

The system was evacuated by an oill diffusion pump backed
by a duo-seal mechanical pump. A ligquld nitrogen trap was used
in the pumping system between the diffusion pump and the manifold.
In operation the pumping system was used to remove gaseous prod-
ucts of previous tests and gases introduced with the copper.

Vacuums below IO-Smm of Hg were attalnable in the manifold with
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X 1000

Flgure 7

Microstructure of Reagent Type Powder
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this system. A McCleod gauge was used as an absolute measuring
device for system pressures. This was connected to the system
between the liquid nitrogen trap and the manifold.

The apparatus was divided Into two manifold systems by
the stopcocks 82 and SB' The specimen or measuring manifoid cbn—
sisted of the section of 9 millimeter tubing connecting the specili-
men tube, burette, t?ap and mercury manometer. The fixed portions
of this manifold, constlituted a calibrated volume. The second mani-
fold, the sample manifold, consisted of 2 millimeter capillary tub-
ing which connected the Toeppler pump and gas sample tubes to the
specimen manifold through stopcock S3 or to the puﬁping system
through stopcock 82. This manifold was used to collect samples of
the gas iIn the specimen manifold. For thls operation the mercufy

level in the Toeppler pump was lowered to empty the expansion

volume. The stopcock on a sampie tube, 88, was opened as well as

stopcock S

3- This operation admitted gas into the expanded volume
of the sample manifold. After closing stopcock S3 the gas pressure
in the manifold is increased by raising the mercury levél in the
Toeppler pump. Closing the sample tube stopcock, 88’ at this point
encloses in the tube a gas sample at the higher pressure. When the
gas pressure in the specimen manifold was extremely small, this
operation was repeated several times.

| The gas sample manifold and the sample tubes were evacuated
prior to the collection of a gas sample through the stopcock S2.

The sample tubes were connected to the mesnifold at T2. Gas samples

were transferred directly from these tubes to the Mass Spectrometer

for ansalysis.
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The volume of the specimen manifold was varied during
constant pressure outgassing of the copper powder by lowering
the mercury level in the burette. This operatlon proceeded
automatically by means of the motor drive on the mercury
leveling bcttle connected to the burette. A wiring diagram
for the actuating mechanism on thiswmgtor drive is shown in
Figure 9. During a run switch S; is in the down position,
since the volume of the system.mugt be increased to maintain
a constant pressure during gas evolution. Sﬁitéh 'S2 1s closed
for automatic operation,_ The contact at the mercury level in
the open leg of the manometer than controls the motor drive.
Manual adjustmenﬁ of the leveling bottle can be made by opening
switch Sy ’
Copper powder 1s introduced into the Vycor specimen
tubeAby closing stopcock S7 and removing the tube from the mani-
fold at the taper T,. The powder 1s placed in the perpendicular
side arm of this tube. Then the tube is replaced with the side
arm down so that the powder remains inrit. After outgassing the
tube through stopcbck S7, the powder 1s dropped into the lower
portion of the tube by rotating it at the taper T1 to a position
where the side arm is in the raised position. The bulbous pro-
Jections on the lower portion of the tube usually catch the
powder in about.an equal distribution. This design for the lower

portion of the tube was found necessary, since with close packing

of the powder in a straight tube only about fifty percent of the

gas was found to evolve.
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The burette was calibrated to 0.2 milliliters and had =
total volume of 100 milliliters. The mercury level in the
burette could be determined to within 0.1 milliliters. Changes
~in the burette mercury level were used to calculate the amount
of evolved gas.

The cold trap was used.to condense the evolved gases when
thelr extended contact with the powder resulted in chemicaljre—
actions. ALiquid nitrogen was used to cool the trap. This
lowered the temperature to a point where éll of the gases present,
except helium, had a very low vapor pressure.,

The mercury manometer was ad justable to about 200 milli-
meters pressure. It was generally used at about twenty milli-
meters pressure. Adjustment was madévby varylng the amount of
mercury in the manometer through stopcock S5° The zero point
on the open leg of the manometer was always at the point of
contact wlith the upper platinum electrode. Stopcgck Su on the
closed leg of the manometer was generally open during evacuation
of the specimen manifold. This kept the pressure in this leg low.

During operation, the pressure in the specimen manifold
was detenminéd from the manometer reading. A cathetometer
telesgope was used to determine the difference in mercury levels
in the two legs of the manometer. This difference could be
accurately determined to 0.1 millimeter.

Mercury leveling.bottles were connected to the burette,

Toepler pump and manometer through plastic'tubing. Rubber tubing
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The burette was callibrated to 0.2 milliliters and had a
total volume of 100 milllliters. The mercury level in the
burette could be determined to within 0.1 milliliters. Changes
.in the burette mercury level were used to calculate the amocunt
of evolved gas.

The cold trap was used‘to condense the evolved gases when
thelr extended contact with the powder resulted in chemicaljre—
actlons. _Liquid nitrogen was used to cool the trap. This
lowered the temperature to a point where all of the gases present,
except hellum, had a very low vapor pressure.

The mercury manometer was ad justable to about 200 milli-
meters pressure. It was generally used at about twenty milli-
meters pressure. Adjustment was madéAby varying the amount of
mercury ln the manometer through stopcock SS' The zero point
on the open leg of the manometer was always at the point of
contact with the upper platinum electrode. Stopcock Sh on the
closed leg of the manometer was generally open during evacuation
of the specimen manifold. This kept the pressure in this leg low.

During operation, the pressure in the specimen manifold
was determinéd from the manometer reading. A cathetometer
telespope was used to determine the difference in mercury levels
in the two legs of the manometer. This difference could be
accurately determined to 0.1 millimeter.

Mercury 1eve11ng.bottles were connected to the burette,

Toepler pump and manometer through plastic'tubing. Rubber tubing



was found to react with the mercury on extended contact. Air
tréps were found necessary in these llnes to keep the small sir
bubbles which are occasionally entrained in the moving mercury
stream, from entering the manifolds.

It was necessary to know the volume of the measuring meni-
fold as a function of'the temperature of the specimen tube in
order to determlne the total amount of gas evelved from the
powder during outgassing. Flrst the volume of the manifoid had
to be determined at room temperature and then the effect of
temperatufe on the effective volume of the system. This calibra-

tion 1is outlined in Appendix A.

Powder Preparation

The copper powders were all outgassed in the as received
condltion. Ten gram specimens were generally used. The welgh-.
ing operation and transfer of the specimens to the outgassing
apparatus were the only handling operations to which these
powders were subjepted. |

Some tests were also made on the water atomlized powder
after washing in a solution of NHuOH followed by rinsing In dils-
tillled water. Ten grams of powder were washed in 100 milliliters
of NﬁhOH for ten minutes. This operation brightened the powder
considerably. 250 milliliters of distilled water was used to
remove the traces of.NHuOH and the residue which resulted from
the washing operation. This rinse was repéatéd four times.
Finally the powder speclmens were vacuum dried at room tempera-

ture before outgassing. Tests of this powder were made after
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various perlods of exposure to air at 70°F in a constant

humidity room.

Testing Procedures

The powders tested were subjected to two different out-
gassing procedures. First, the quantity and analysis of evolved
gas was determlined as a function of powder temperature. The
total pressure over the copper powder was maintained at a con-
stant pressure during this testing procedure. This procedure
gave information as to the kinetics governing the gas evolution
from the powders. A second outéassing procedure was used to
determine the total quantity of gas present on the powder. The
gas was evolved by rapld heating of the powder to 1400°F in this
operation. The pressure was not maintalned at a constant value
and the gases evolved were condensed in a liquid air trap im-
medlately upon evolution.

Initial steps in both testing procedures were identical.
All traces of copper powder from previous tests were removed
from the Vycor specimen tube with nitric acid. The tube was then
rinsed with distilled water, and dried after washing with écetone.
It was then evacuated and heated with a gas torch to remove most
of the adsorbed gases. Nitric acid and its derivatives were
found to be desorbed in this operation.

The powder specimen was put in the side aﬁm of the specl-

men tube. After the tube was replaced on the manifold in such a
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manner as to keep the powder in the side arm, stopcock S, was

7
opened slowly to prevent carryover of the pbﬁder'ag the air

rushed Into the evacuated ménifold. A1l Stopcocks except.85
were opened at thls point and the entire manifold was thoroughly'
evacuated. '

The furnace was placed in positlon around the lower portion
of the specimen tube and the tube temperature was raised to
1400°F. All traces of adsorbed molsture and other gases were
removed from the tube 1n this operation. Heating was continued
for about one hour, then the furnace power was turned off. The
svacuation of the entire system was continued for twenty fouf
hours after the introduction of the powder specimen. During this
time pressures below 10-S milliimeters were attained. The system
was checked for leéks during this operation.

After the above procedure was carried out, the specimen
manifold was fllled with helium introduced from a tube on the
sample manifold. The pressure in the specimen manifold:wasAad-
justed to twenty millimeters. From this point the two outgassing
procedures differed from one another. In the first procedure,
which was used to determined gas evolution as a function of powder
temperatﬁre, the temperature of the specimen tube was raised to
L4LOO°F. When control of the temperature was established at LOO°F,

& reading of the burette mercury level was made. At this same

time the pressure in the system was accurately determined with the

ald of a telestpe cathetometer to make readings of the mercury
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levels in the legs of the manometer. Rotating the specimen tube
about the taper Tl dropped the powder into the heated portion of
the tube. The temperature of the powder was held constant for
one hour. The leveling bottle on the buretterwas automatically
operated to maintain constant pressure during the resulting gas
evolution. The new reading of the burette mercury level was re-
corded and a gas sample taken 1nvone of the five sample tubes

on the sample manifold. Stopcock S7 was closéd during sampling
so as not to change the pressure over the powder. A new burette
reading was taken after the sampling operation so that the amount
of gas in the sample could be used in the calculation of total
gas evolved. Then the temperature of the powder was raised to
600 °F and the same operations were repeated. Thls procedure
was repeated at 800°F, and 1100°F and 14.00°F.

In the second procedure,hwhich was used to determine the“
total amount of gas present on the powder, the burette and
pressure readings were made with the tube at 1}400°F. The trap
was then brought to the temperature of liquid nitrogen and the
powder was dropped into the heated portion of the tube. During
the evolution of gas which focllowed, the mercury level in the
burstte was raised and lowered alternately as long as evolution
continued. This operation was effective in pumping the evolved
gas from the specimen tube to the cold trap where it was con-
densed. After one hour at 1L400°F, a sufficieﬁt fime for gas

evolution to cease, the pressure in the manifold was returned
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to its original value and the stopcock S, was closed. The cold §
trap was then returned to room temperature and a reading was made
on the burette. The difference between original and final readings
was the amount of gas evolved'durihg the outgassing. A gas
sample was then taken, so that the quantities of the various gases
could be determined.

In both procedures the gas samples were immediately intro-

duced from the sample tubes into the mass spectrometer for analysis.

Gas Analysis

An analytical mass spectrometer was used for analyzlng the
gases evolved from the copper powders since the use of this instru-
ment i1s the only accurate method of obtalning analyses on the
small gas samples collected. .A éample generally contained less than
thirty milliliters of gas at a pPressure of about ten millimeters.
The mass Spectrometer requires only sufficlent gas to develop a
bressure of about thirty microns in an expansion chamber with a
volume of 3000 milliliters.

A Consolidafed Engineering Corporation Model Type 21-103B
mass spectrometer was used in this investigatlion. In this model
gas 1s admitted to the analyzing system throuéh a high vacuum
inlet‘system. This consists of a manifold which connects an ex-
ransion volume and an gbsolute Pressure gauge called a micro-
manometer to the analyzing portion of the instrument through a
small 1eék. The expansion volume, into which the gas sample 1is

first admitted, 1s large, so that the pressure 1ln the inlet system
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will not be appreciably changed during the analysis by the small
quantity of gas passing through the leak. Gas pressure in the
expansion volume 1is recorded for the purpose of calibrating and
checkling the material balance in the analysis of a sample of un-
known composition.

The small quantlty of gas that passes the leak is first
subjected to an lonizing vocltage of about seventy volts and then
to a variable accelerating voltage which has a maximum value of
J000 volts. In the lonizing region a number of molecules are
ionized ans others are cracked into lighter fragments. This
number 1s proportional to the total number of molecules of the
type in the expanslion volume and thus to the pressure, partial
or total, of the molecular gas in this volume. The accelerating
voltage lncreases the velocity of the resulting ions due to
thelr positive charge. The lon stream thus accelerated passes
through a magnetlic fleld. Réaction between the moving ions and
the magnetic field produces a force on the ions perpendicular to
their direction of motion in the electric fleld. As a fesult of
this action the ions travel a circular path. The radius of this
path is a function of M/e, mess to charge ratio of the ion, the
magnetic field strength, and the electric field strength.

In the spectrometer used, an interceptor slit is located
on a five inch radius. The magnetic fileld 1is kept constant during
a spectrum traverse, but the electric field is varied with time
so that lons with various M/e ratios will tra#el a path of five

inch radius during a time interval. In practice the electric
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field decreased with time so that the M/e values corresponding
to a five inch radius increased with lncreasing time. Only the
ioné which pass the interceptor slit are detected, these are at
any time proportional to the number of ilons 1n the stream with
that particular ratio. The M/e spéctrum i1s thus traversed by

recording the lon count through the slit as a function of time.

The ion current which passes the interceptor slit is
essentlally transmitted to a ground potential through a high
resistor. The drop across the resistor 1s amplified and recorded
on a photographic chart. The record is produced by a light beam
reflecting from a mirror suspended on a galvanometer. The chart
moves at a constant rate and the resulting trace is that of M/e
against units of deflection. It can be seen from this brier
discussion that the galvanometer deflection (intensity) 1s directly
proportional to the pressure of the gas, from which the 1ions
were derived in the expansion volume.

Calibration of the mass spectrometer is compllcated by
the presence of doubly charged ions and the lighter fragments
which result from cracking of heavy molecules in the ionization
process. The spectruh, or cracking pattern, must be completely
scanned ovef the range of M/e values where other components may
occur when sensitivity measurements are being made for a gas
component. In this way interactions between components at any
given M/e value may be determined.

The instrument is calibrated for the components that may

be present in the gas mixture to be analyzed. A known pressure

|
i
1
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of each component 1s admitted to the expanslon volume and a
traverse of the M/e spectrum is made. The parent peak, which 1i1s
generally at an M/e value determined by the singly charged un-
cracked molecule, 1s found for each component. This peak is

the most intense peak in the spectfum. Sensitivities of the
instrument are then calculated from the pressure of the gases
and the height, intenslty, of the parent peaks on the chart.
These sensltivitles are expressed as units deflection per micron
of pressure.

'If the mixture to be analyzed contalns very few components
it is possible that none of the parent peaks will colncide with
minor peaks from other compohents. In this case calculation of
the partial pressures of the various components can proceed
directly from the peak values on a chart of the spectrum traverse
for the mixture to be analyzed. This situation does not general?
ly exlst and there are frequent cases of peak coincildence.
Corrections must then be made to the observed peak values for
the additive effects of the various cracking patterns before
the sensitivities can.be used to calculate the partial pressures
of the components. This calculation is occaslonally so compli-
cated. that a matrix solution of a number of linear equgtions
must be employed. The matrix consisté of a square array of
terms, in number equal to the square of the number of components
In the gas mixture. Except 1In simple cases, this matrix is

- 80lved by the use of a computer.
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A modified gas analysls technique was used in this investi-
gation. The need for modification»arose from the adsorbtion of
water 1n the inlet system of the mass spectrometef from . the
relatively small gas samples. It was found that water content
of the evolved gases could best be.found by one of two methods,
both were used succeséfully. In the first, the water was frozen
in the trap of the measuring manifold before gas sampling, with
dry lce and alcohol as a cooling medium. ‘'ihe change in burette
reading caused by cooling the trap, corrections being made for
gas contraction, gave the quantity of water directly. The trap
was returned to room temperature before sampling of the gas in
the manifold, so that a wet samble was taken. These samples
were run through the mass spectrometer dry, that is, the water
was frozen at the time of sdmission to the instrument, in the
sample tube.

When it was determined that water in the samples did not
effect the accuracy of the analysls for the balance of the gas
sample, the samples were run wet and the watef was determlned
by difference. In this method a total gas balance was made
utilizing the lknown amount of helium that was present in each
gas sample. On thils basis a dry analysis was -calculated from
the mass spectrum of the sample and wﬁter was obtalned from the
difference between the calculated amount of dry gas and the
total gas sample volume known to be present from data taken on

the specimen manifold.
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In the initial stages of tﬂis work the traces of carbon
monoxlde, oxygen and nitrogen were thought to be significant,
and they were computed as part of the gas analysis. With these
gases and the more abundant water vapor, carbon dioxide, sulphur
dioxide, hydrogen and helium, an eﬁght component system developed.
This system was difficult to analyze since more than one com-
ponent contributed to a number of the M/e peaks available for
calculation. With two peaks included for checks a ten equation
system had to be solved for the analysis. This was solved for
the various peak values contributed by the gas components by
use of a computer. The matrix used in this type of calculation,
the cracking patterns from which it was derived, and a description
of its use 1s included in Appendix B.

When it was found that the traces of carbon monoxide,
oxygen,~and nitrogen were not of practical significance, the gas
analysis was considerably reduced in detail. Since none of the
remaining components caused any significant coincidence of peak
values, a simple computation based on the sensitivities resulted

In a complete gas analysis. An example of this method of com-

Putation 1s given in Appendix C.

Vblumé and Partial Pressure Calculations

With the total volume of evolved gas determined from the
corrected burette readings in the specimen manifold ﬁnd the
analysis of the various gas samples, a relétively simple procedure
was employed to calculate the volume of a gas componenf accumu-

lated to the various powder temperatures. The partial pressures



of the various components were determined directly from the
known total pressure and the analysis of the gas samples.
Examples of these calculations are given in Appendix D.

The partlal pressure data for the carbon dicxide over the
various powders can be used to deténmine the heats of decomposi-
tlon for the evolutioh of thils component. The simple integrated

form of the Van't Hoff equation is used for this calculation.

This may be wriften as:
In. P,/Py = - A H/R (1/T, - 1/T,) Eq. No. 1

Here the pressures Pl and P2 are the equilibrium pressures of the
gaseous decomposition product at the absolute temperatures Tl and
T2 respectively. The gas constant is denoted by R and the heat
of decomposlition by A H, both in compatible units. This method
of calculatlon neglects the temperature dependence of A H. The
preclision of the partial pressure measurements did not justify

& more complicated method of calculation. The partial pressure
data on a log P versus 1/T plot is a straight line over the

temperature range for which the calculations were made.



EXPERIMENTAL RESULTS

The experimental part of thls program consisted of
collecting and analyzing the gasesievolved from various copper
powders, as a function of temperature, at a reduced pressure in
an lnert atmosphere. The data presented in the following tables
are the volumes of gases evolved as a functlon of temperature and
the partial pressures of these gases over the powders as a func-
tion of temperature.

The term "cumulative volume™ is used to indicate that the
volume of gas ginen i1s the sum of the amounts evolved to the
temperature indicated. Cumulative volume data are taken at a
constant total pressure.

Gas volumes indicated as "total volume"™ were found by
rapid heating of the powder to lﬂQO°F and condensing the evolved
gases in a liquid alr trap. Indications are that these values
represent qulte well the total amounts of the various gaées on
the powder surfaces. |

The manner in which gases evolve as a function of time at
various temperatures is shown in Filgure 10 and the tabulated data

are listed in Table I.

The cumulative volumes of H.O, CO

> 802 and H, collected

2 2
when ten grams of water atomized powder of mixed particle size
were heated are tabulated in Table II and plotted in Figure 11.
This powder was outgassed in the as-received condition. The

partial pressures of the gases at varlous temperatures over the

-hl-
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TABLE I
Volume of Gas Evolved at Various Temperatures
As A Punction of Time
Powder Type: Reagent Speclmen Weight: 10 grams
Particle Size: .0005 cm Treatment: As Recelved
Temperature
300°F S500°F - TOQ°F.

Time, Volume, Time, Volume, Time, Volume,
Min. ml, STP: Min. ml, STP Min. ml, STP
0.0 0.0 , 0.0 0.0 0.0 0.0
1. 0.0h41 0.3 0.021 0.7 0.046
10.9 0.075 1.0 0.070 2.3 0.077
30.0 0.095 1.8 0.111 5.6 0.118

' 3.1 0.131 l%.u 0.159
6.0 0.162 26.0 0.200
12.9 0.21h4 65.0 0.226
49.7 0.254
900°F 1400°F
Time, Volume, Time, Volume,
Min, ml, STP Min. ml, STP
0.0 ) 0;0 0.0 0.0
1.8 0.018 0.6 0.033
2.6 0.069 2.6 0.085
10.5 0.113 6.2 0.141
ih.h 0.162 28.3 0.172
26.5 0.183
58.0 0.218
* At a temperature of 20°C and a pressure of T60 mmhg
TABLE II
Cumulative Volumes and Partial Pressures of
Evolved Gases
Powder Type: Water Atomized Specimen Weight: 10 grams
Particle Size: Mixed Treatment: As Recelved
Te?p. ' Volume, ml at STP Partial Pressure, mm Hg
F, H20 ng_ 802 H2 HZO 002 SO2
400 o0.54 0.057 . 0.0 0.0 3.43 0.36 0.0
600 0.856 0.088 0.0 0.001 5.13 0.52 0.0
800 0.950 0.118 0.001 0.001 5.63 0.74 0.009
1100 0.807 0.188 0.006 0.109 .19 1.37 0.054
1400 o0.741 0.185 0.004 0.095 3.60 '1.39 0.028
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powder are given in Table IX. The log of the partial pressures
of 002 and HZO versus the reciprocal of the absolute temperature
for these tests 1s shown In Flgure 1l2.

Table III through VI list cumulative volume and partial
pressure data for the gases evolved from four mesh fractions of
the water atomized powder tested in the as-received condition.
These same data are plotted in Figures_13 through 20. The average
pa;ticle dilameters for these mesh fractions are listed in Table
VI1T. |

The total volumes of gases evolved from the water atomized
mesh fractions on heating to lhOO°F are listed 1anable VIII.
These data are for powders tested'in the as-received condition.
Similar data are listéd In Table IX for these fractions aftér
cleaning 1in NH&QH' Plots of the data in both tables are shown
in Filgures 21 and 22. In these plots the total gas is shown as
a functlion of the specimen areas given in Table VII. The term
"corrected area™ in this table applles to an area calculated to
éive a straight“line relation between total gas data and speclimen
area.

The water atomized mesh fraction having an average diameter
of 0.068 centimeters was outgassed at variousiintervals after
cleaning in NHhQH. Tables X thrdugh“XIII 1isf the cumulative
volumes of the gases evolved, along with their partlal pressufes,
as a fungtion of temperature. These data are presented graphical-
1y in Figures 23 and 2.

A specimen of water atomized copper powder was outgassed
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TABLE III

Cumulative Volumes and Partial Pressures of
Evolved Gases

Powder Type: Water Atomized Specimen Weight: 10 grams
Particle Size: A4l em . . Treatment: As Received
Temp., Volume, ml at STP Partial Pressure, mm Hg

p — s e .

F HZO 002 502 H2 HZO 002 802

1LoO 0.282 0.027 0.0 0.0 1.63 0.16 0.0

600 O.hh47 O0.049 0.0 0.001 2.63 0.29 0.0

800 o.h2hy 0.095 0.001 0.001 2.37 0.62 0.010
1100 0.390 0.139 0.004 0.071 2.04 0.98 0.036
1400 0.309 0.153 0.003 0.066 1.28 1.17 0.021

TABLE IV

Cumulative Volumes and Partial Pressures of
Bvolved Gases

Powder Type: Water Atomize Specimen Welght: 10 grams
Particle Size: .068 ocm ' Treatment: As Recelved
Tgmp., Volume, ml at STP Partiasl Pressure, mm Hg

F H20 CQZ 802 ﬁzA HZO CO2 302

1,0O 0.307 0.060 0.0 0.0 1.85 0.36 0.0

600 0.651 0.082 0.0 0.001 3.78 0.46 0.0

800 0.703 0.112 0,001 0,001 L.03 0.66 0.005
1100 0.617 '0.158 0.007 0.083 3.26 1.03 0.062
1400  0.499 0.168 0.003 0.062 2.26 1.23 0.029
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TABLE Y

Cumulative Volumes and Partiasl Pressures of
Evolved'Gases

Powder Type: Water Atomized - Specimen Welght: 10 grams
Particle Size: .030 cm Treatment: As Receilved

Temp. , Volume, ml at STP Partial Pressure, mm Hg

opF 320 v‘coz SO2 3@; H20 002 802
oo 0.437 0.100 0.0 0.0 2.70 0.62 0.0
600 0.928 0.138 0.0 0.001 5.24 0.75 0.0
800 1.054 0.172 0.001 0.001 5.78 0.93 0.00L
1100 1.070 0.269 0.0l 0.003 5.67 1.65 0.106
1400 0.949 0.271 0.006 0.074 L4.75 1.72 - 0.054
TABLE VI
- Cumulative Volumes and Partial Pressures of
Evolved Gases »
Powder Type: Water Atonized Specimen Welght: 10 Grams
Particle Size: .022 cm Treatment: As Recelved
Temp., _ Volume, ml at STP Partial Pressure, mm Hg
F H20 002 ‘ SO2 H2 H20 CO2 SO2
4O00 0.586 0.136 0.0 0.0 h.16 0.97 0.0
800 1.0h4) 0.262 0.001 0.0 6.37 - 1.67 0.007
1100 1.068 0.345 0.017 0.0 6.06 2.21 0.139
1400 "0.941 0.418 0.013 0.0 0.098

64y 5.07 3.03



-y8-

TA VII

i

Pérﬁicle Size of Water Atomized Powders:
Mesh Fractions

Mesh Diameter, Areaz* y Gorrectequrea** Roughness
Fraction cm cm cm Factor
-20 0.1h4% us 70 302.0 6. us
-20 =48 0.068 98.80 h51.0 u
-48 -65 0.030 224..00 587.0 2.
-65 -100 . 0.022 305.00 63,.0 2. 8

* Area of ten gram specimen computed on basis of spherical shape.

#%* Area of ten gram specimen, corrected from total gas evolution
data. See Page 8L of text.

TABLE VIIT

Total Volume of Gases Evolved From Mesh Frac-
tions on Heating to 1};00°F

Powder Type: Water Atomized Specimen Welght: 10 grams
Particle Size: .022 to .1l em Treatment: As Recelved
Mesh | Milliliter at STP _
Fraction H,O i co SO
—_— 2 2 2
=20 0.55 - 0.1 ' 0.007
-20 -48 0.85 0.16 0.017
48 =65 1.10 0.26 © . 0.024

-65 -100 1.17 0.30 0.030
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TABLE IX

Total Volumes of Gases Evolvéd From Cleaned
Mesh Fractions on Heating to 1LOO°F

R R

Powder Type: Water Atomized Specimen Weight: 10 grams
Particle Size: .030 to .194 em Treatment: NHMOH Wash
Mesh . . Milliliter at STP
Fraction HQO CO2 802
-20 0.15 0.036 0.0
-20 -48B 0.40 0.05) 0.0
-48 -65 O.u4h 0.068 0.0
TABLE X

. Cumulative Volumes and Partial Pressures
of Gases Evolved From Cleaned Powder

Powder Type: Water Atomized Specimen Welght: 10 grams
Particle Size: .068 cm Treatment: O Hours in Air
After NHuOH Wash

Temp. , Volume, ml %t STP Partial Pressure, mm Hg

o]

P H20 002 S_2; H2 HZO .002 | 802
- 400 0.120 0.006 0] 0.0 . 0.76 0.04 0
600 0.226 0.018 0 0.0 - 1.48 0.12 0
800 0.152_ 0.031 0 0.036 0.86 0.22 . 0
1100 0.170 0.033 0 0.076 1.02 0.24 0
1100 0.119 0.036 0] 0.058 0.h45 0.28 Q

TABLE XTI

Cumulative Volumes and Partial Pressures
of Gases Evolved From Cleaned Powder

Powder Type: Water Atomlized Specimen Weight: 10 grams
Particle Size: .068 cm Treatment: 23 Hours in Air
: _ " After NHAOH Wash
Tsmpa, Volume, ml at STP Partial Pressure, mm Hg
F H20 002 ng H2 HZO | 002 802
1100 0.049 0.005 0 0.0 0.30 0.03 0
600 0.187 0.020 0 0.0 1.22 - 0.13 o8
800 0.185 0.028 0 0.013 1.19 0.19 0
1100 0.125 0.036 0 0.050 0.63 0.27 0
1400 0.112 o0.040 0 0.040 0.49 0.31 0
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TABLE XIT

Cumulative Volumes and Partial Pressures
of Gases Evolved From Cleaned Powder

— —— — —
— — i

Powder Type: Water Atomized Specimen Weight: 10 grams
Particle Size: .068 ocm Treatment: 100 Hours in Alr
' After NHhQH'wash
Temp., : Volume, ml at STP Partial Pressure, mm Hg
(o] R
F HZO cog_  H2 %g? 002 _ 802
LLOO 0.009 0.007 0.0 0.06 0.05 0]
600 0.205 0.020 0.0 1.33 0.12 0]
800 0.147 0.0L41 0.013 0.86 0.28 0
1100 0.138 0.04)y 0.021 . 0.79 0.31 0
14,00 0.063 0.046 0.046 0.0 0.34 0

TABLE XIII

Cumulative Volumes and Partlal Pressures
of Gases Evolved From CTleaned Powder

Powder Type: Water Atomized Speclmen Welight: 10 grams
Particle Size: .068 em Treatment: 198 Hours in Ailr

After NHuOH‘Wash

Tgmp., Volume, ml at STP Partial Pressure, mm Hg |
HZO -002 Hg H,0 002

400 0.013 0.008 0.0 - 0.05

600 0.167 0.016 0.0 - 0.11

800 002-23 00036 0.0 - 0027

1100 . 0.226 0.043 0.0 - 0.33

11100 0.231 0.045 0.0 - 0.35

* Water pressure was kept low during run by maintaining

cold trap at the temperature of a dry ice - alcohol
mixture. :
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and then heated in an atmosphere of HZO and He. The atmosphere
was analyzed after one hour at various powder temperatures.
Data showlng the volumeé of water and hydrogen found in this
atmosphere are listed in Table XIV. These data are plotted in
Figure 25.

The cumulative volumes and partial pressures of gases
collected over the alr atomized powders are shown in Tables XV
through XVII. These data are plotted in Figures 26 through 31.

The cumulative volumes and partial pressures of gases
collected over the electrolytic powder are given as a function
of temperature in Table XVIII. These data are presented graphic-
ally i1n Figures 32 and 33.

The total gas evolved from the three alr atomized powders,
the electrolytic powder, thévreagent powder and the unknown
powder are listed in Table XIX.

Table XX shows the values of heats of decomposition
calculated on the basis of carbon dioxide partial pressurerdata

from the various powders.
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TABLE XTIV

Vélumes of Water and Hydrogen Found Over
Copper Powder as a Function of Temperature

————
——

——

e ca——

Powder Type: Water Atomized Specﬁmen‘weight: 10 grams

Partlcle Size: .068 cm -Treatment: Previously Outgassed
Time at Temperature: One Hour Initial Atmosphere: He and HZO
Temp., . Milliliters at STP
°F H,O - H
, -2 _2
77 1.083 0.0
00 1.083 0.0
00 0.977 0.0
800 0.863 0.0
1100 : 0.837 0.03L
1400 0.71h 0.115
TABLE XV

Cumulative Volumes and.Partial'Pressures
of Evolved Gases

Powder Type: Air Atomized No. 1 ‘Specimen Welght: 10 grams

Particle Size: .0015 cm . Treatment: As Received
Tgmp., Volume, ml at STP ‘ Partial Pressure, mm Hg
F. H20 GO2 802 ‘HZ ' HZO 002 802

4OO 0.164 0.031 0.002 0.005 1.03 0.196 0.011
600 0.267 0.058 0.003 0.006 1.70 0.370 0.021
800 - 0.279 0.188 0.011 0.001 2.5 1.982 0.111
1100 6.288 0.337 0.055 0.002 2.4y  2.374 o.y12
1400 0.187 0.349 0.093 0.001  1.11 2.842 0.762

I



-66-

TABLIE XVI

Cumulative Volumes and Partial Pressures of
Evolved Gases

Powder Tyﬁé: Air Atomized No. 2 Speéimen‘Woight:  10 grams

Particle Size: 0017 cm ~Treatment: As Receilved
Temp., Volume, ml at STP ‘ Partial Pressure, mm Hg
o EgQ 002 802 ng Ego ng_ SOZ
1400 0.787 0.203 0.003 0.006 3.97 1.02 0.013
600 1.394 oO.hy4ly 0.002 0.006 6.33 2.09 0.008
800 1.524 0.576 0.004 0.003 6.64 2.75 0.016
1100 1.519 0.678 0.017 0.003 6.34 3.39 0.111
14,00 1.501 0.695 0,086 0.003 6.01 3.43 0.688

TABLE XVII

—

Cumulative Voiumes and Partiasl Pressures of
"Bvolved QGases

M
Powder Type: Alr Atomized No. 3 Specimen Weight: 10 grams

Particle Size: .023 cm Treatment: As Recelved
Tgmp., Volume, ml at STP . Partial Pressure, mm Hg
P ggo COg SO2 H2 H20 cog_- 802
600 - 0.091 0.04Y4 0.001 0.0 0.59 0.28 0.00L4
800 0.102 0.096 0.005 0.0 0.6 0.63 0.035
1100 0.098 0.156 0.010 0.0 0.59" 1.08 . 0.071
1400 0.0h2 0.169 0.037 0.0 0.10 - 1.21 0.310

TABLE XVIII

Cumulative Volumes and Partial Pressures of
- Evolved Gases

M

Powder Type: Electrolytic Specimen Weight: 10 grams
Particle Size: .0003 cm Treatment: As Received
Tbmp., Volume, ml at STP _ Partial Preésure, mm Hg
oF H,0 co, 50, H, H,0 co,, S0,
4oo 2.943 0.147 0.003 0.010° 5.20 0.26 0.003
600 4.023 0.543 0.003 0.007 6.51 0.97 - 0.00lL
800 L4.690 1.070 0.003 0.010 7.06 1.92 0.00L
1100 1 .817 1.460 '0.003 0.007 6.94 2.67 0.008 .

Il
1400 -4.970 1.327 0.080 0.007 7.25 2.29 0.206
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TABLE XIX

Total Volume of Gases Evolved From Various
Types of Copper Powder on Heating to 1L400°F

Specimen Weight: 10 grams Treatment: As Received
Powder Type Milliliters at STP
H20 002 802

Alr Atomized No. 1 0.43 0.40 0.182

Air Atomized No. 2 1.57 0.70 0.110

Air Atomlzed No. 3 0.17 0.20 0.046
Electrolytic 5.24 1.34 0.084
Unknown L.yl 1.85 0.930
Reagent 1.19 Oo.h41 0.073

TABLE XX

Heats of Decomposltion as Computed From
Carbon Dioxide Partial Pressure Data

Powder Type A H Powder Type A H
Cal /g mole Cal mole
Water Atomized Alr Atomized
Mixed Particle 2600 Number One 6250
.1l cm Diameter 3540 Number Two 2920
.068 em Diameter 2260 Number Three 5970
.030 cm Diameter 1820 :
.022 cm Diameter 1840 Electrolytic L4910

Cleaned . 5090 ==

* Average value for the four runs after various times in air.
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DISCUSSION

All types of copper powder when heated in & helium
atmosphere at a total pressure of 20 millimeters 6f mercury,
liberated appreciable quantities of gas, A corresponding
quantity of gas was also evolved at other pressures. Twenty
hillimeters represented a convenient outgassing pressure since
the volumes of the evolved gases at this pressure could easily
be accommodated in the measuring m.anifold° The sensitivity of
the measurements of changes in gas volumes, which is inversely
proportional to total pressure, was also of reasonable value in this
pressure range. |

The mode of gas évolution as a function of time at a
constant powder temperature has been shown in Figure 10. These
data are for the reagent type powder, but similar behavior is
noted for any of the pow&ers investigated. It can be seen that
evolution at any given temperature 1s essentially complete at
the end of one-half hour. For this reason one hour at tempera-
ture was considered to be sufficient time for outgassiﬁg at a
glven temperature, In'Figure 10 only the isothermal evolution
of gas 1s recorded, however gas.was also evolved while the
powder specimen was belng heated to the temperatures indicated.
It was observed that gas evolution occurred continuously whenever
a powder Specimén was heated. Thilis gas evolution was irrevers-

ible In that subsequent cooling did not cause reabsorption nor

_77_
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did reheating to a temperature below the maximum attained pre-
viously result in any further gas evolution.

Upon examinatlon of the figures showing the cumulative
volumes of gas collected at various temperatures; such as
Figure 11, ‘it 1s apparent that the gases svolved aﬁ powder tem-
peratures below 200°F to 300°F are generally negligible in |
quantity. |

Gases were collected to powder temperatures of LJO00°F,
This represents the maximum attainable temperature with the Vycori
tubes operating under reduced pressure for extended periods of
time. While no data are présented for evolution above 1}00°F,
1t 1s believed that the ma jor portion of the gases that would
'evolve have been removed at this temperature. |

From the mass spectrometer analyses of the gases collected
from the various powders, it is apparent that in all cases these
consisted of water vapor, carbon dioxide, sulphur dioxlide and
hydrogen. Work to be discussed later showed that hydrogen did
not evolve as such from the powdérs. 1t was instead found to form
from water vapor in contact with the hot copper powder,. The
amount of water vapor was at least equal in volume to the volumes
of any of the other coﬁponents evolved and in general was con-
siderably.greater. The carbon dloxide was the next most abundant
component generally found while the sulphur dioxide was usually
found to be present only in trace quantities.

It was noted that the appearance of most of the powders
Investigated changed considerably during outgassing. As a rule
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all but the very dark powders were appreciably brighter after
testing than 1n the as-received condition. Admittedly, powder
color 1s not a good criterion on which to base conclusions about
changes occurring during testing, but extensive’i-ray and electron
diffractlon’ studies made for this purpose, did not yleld any
further Iinformation about the nature of the surface films cauéing
the observed discolorafion. The failure of X-ray diffraction
techniques to produce any identifiable patterns was thought to be
due to the small quantity of film present. Difficulties arising
with the use of electron diffraction techniques on the powder
samples were such that the causes of negative results could not
be definitely ascertained. Chemical treatments lead to the be-

lief that these surface films are oxides with CO,, H

> 0 and SO

2 2
assoclated chemlcally with the film.

Water Atomized Powder

The data resulting from this investigation of water
atomized copper powder are presented graphlcally in Figures 11
through 2li. The majority of these are presentations of the cumu-
lative volume data, and partial pressure data as functions of
powder temperaturs. These are the basls for the following ob-
servations.

Water vapor starts to come off the powder in appréciable
quantities at a temperature of about 300°F and appears to be
completely evolved in the temperature range 800° to 900°F,

Above 900°F there is a reversal in the quahtity of water vapor

over the powder. It will be noted that the temperature at which
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hydrogen 1s first found in any quantity over the powder corresponds
to the temperature of the reversal in the water vapor curve. From
this fact, 1t was deduced that the following chemlcal reaction

must'occur.

HZO + Cu ~—> Cu(0) + H2 4 BEq. No. 2

The water vapor in contact with the hot copper dissoclates into
hydrogen and oxygen. The oxygen is immediately dissolved in the
copper and 1s evidenced by the lack of oxygen in the gms over
the pdwder. Subsequent diffusion of the oxygen into the copper
interlor accounts for the reaction proceeding as written. This
is believed to be s réasonable mechanism for the occurrance. of
hydrogen over this powder since the powder is originally rela-
tively free of oxygen. This fact is borne out by the small Cu20
content of the mlcrostructure shown in Figure 1. The apparént
decrease 1n water vapor volume over the water atomized powder
of mixed particle size, shown in Figure 11, corresponds to an
oxygen plckup of about 10'3 welght percent. This amount of
oxygen would not result in a noticeable oxide increase of the
outgassed powders since 1t only slightly exceeds the solu-
bility 1limit of oxygen in copper, even at room tempsrature (35).
Examination of the microstructure after outgassing did not show
any increase 1n oxlde content.

An examination of Equatlion 2 shows that there is no net

volume change if the reaction occurs as written. Looking now
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at the hydrogen volume as a function of temperature it will be
noted that it 1s not sufficient to accouni for the reversal in
the water vapor volume in any of the pPlots showing these data
for the water atoﬁized powder, In some of the cases the quan- I
tity of hydrogen reaches a maximum and then decreases at highér
powder temperatures. These facts lead to tbe.hypothesis that
hydrogen 1s also being dilssolved into the copﬁer powder from
the water vapor above it. Calculations based on the net de-
crease in hydrogen at 1L00°F over the water atomized powder of
mixed particle size, Figure 11, indicate that about 10'4 welght
percent of hydrogen is dissolved in the powder speclmen. This
1s pfobably a reasonable value, but one that cannot\be verified,
since solubility of hydrogen 1s a function of its partial
pressure, temperature and the oxygen content of the powder.

The occurrence of thié reactlion was investigated by
outgassing a sample of this powder and then enclosing 1t in the
speclimen manifold of the outgassing apparatus in contact with an
atmosphere consisting of water vapor and helium. The powder was
then heated to the various test temperatures for one hoﬁr. Re-
sults of analyses of the atmosphere over the powder at these
temperatures are plotted in Flgure 25. A marked decrease in
the amount of water vapor in this atmosphere is seen to occur
in a manner quite analogous to the decrease occurring in the
water over the powder during outgassing. It 1is also apparent

that the amount of hydrogen in these gases is not sufficient to

completely account for the decrease in water vapor. A similar
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test run with no copper powder in the specimen tube showed that
the water had no tendency to dissociate in contact with the
apparatus alone. Further evidence for the occurrence of the
postulated reaction between water vapor and the hot copper
powder 1is éivén in the results shown in Figure 2. in the test,
after 198 hours exposure to air, the water vépor pressure over
the hot powder was kept at é minimum value with the ald of a dry
ice alcohol mixture around the trap in the specimen manifold.

It can be seen that thils procedure effectively curtailed the
reversal in the amount of water vapor and eliminated hydrogen
as a component from the gases found over the powder.

The logarithm of the partial pressure of water vapor over
the copper powder versus-1/T plots all show reversals at higher
temperatures, indicating that some additional reaction or re-
actions other than desorption of water is occurring. |

Carbon dioxide starts to evolve from these powders below
300°F and continues to the maximum temperature investigated,
14,00°F. The logarithm of the partial pressure of the carbon
dioxide over the copper powder versus 1/T yields a linear plot
indicating that a simple desorption process is the source of
this gas. The carbon dioxide i1s most likely chemisorbed on .the
copper powder surface, that 1s, the carbon dioxide is chemically
bonded to the copper and not just physically adsorbed on its
surface. If the gas were physically adsorbed on the powder, a
constant activation energy, heat of decompositlion, as iIndicated

by the stralght line naturé of the plots would not be expected.
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Binding forces vary with the amount of adsorbed material in
the physical adsorption process and this results in heats of
desorption that vary as a functlon of the amount of adsorbed
materlal left on the surface.

Reference to<T@ble XX shows that the heats of decompesi-
tion calculated from the slopes of the partial pressure ploté
for carbon dioxide var& from 1820 cal/g mole to 3540 cal/g mole
for the water atomlized powder outgassed in the as-received con-
dition. These values are relatively low for a chemical binding.
If, however, 1t 1s assumed that an intermediate compound of the
type CulO - 002 is the sourée of the carbon dioxlde, they are
reasonable. If the compounds were similar in nature to CuCO3
heats of decomposition of tpe order of 8000 cal/g mole to
11000 cal/g.mole would be expected.

The quantity of sulphuf dloxlide evolved from the water
atomized powder is extremely small, but real. The sulphur
dloxlide starts to evolve at about 700°F to 800°F and shows a
maximum in the cumulative volumé plot near 1200°F, after which
the quantity decreases. Here again a chemlical reaction. between
the copper powder and the evolution product 1s thought to occur.

A reaction of the following type 1s postulated.

Cu + S0, — Cu(0) =+ cu(s) Eq. No. 3

In thls reactlion both the sulphur and the oxygen are dilssolved

~4in the copper bowder at the elevated temperature.
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From the foregoing it was believed that the evolved
gases origlnated on the powder surface. If thlis 1is actually
the case then the quantities of gases evolved should be some
function of the partlicle size of the powder being outgassed,
since a constant weight of powder, 10 grams, was used for each
outgassing opsration. From the cumulative voiume plots of
Filgures 13, 15, 17 and 19, which include data from four mesh
fractions of the water atomized powder, 1t can be seen that
there 1s an increase in the maximum gas volumes evolved as the
pdwder size decreases.

Flgure 21 shows a plot of the total volume of water
vapor evolved as a function of specimen areas for the same -
four mesh fractlons of powder. Measured particle diameters
were used to calculate the areas on the basis of spherical
partlicle shapes. This plot does not show the linearity that
should exist In the relationship between water vapor volume
and area. The nature of the deviétion 1s such as to indicate
that 1t 1s due to the difference between the assumed partlicle
shape and the actual, which would in turn affect the.caiculated
areas. Thls condition was not unexpected since the particle
shape became more lrregular as the size of the particle increased.
Thé larger sizes were actually porous and mossy like. Attempts
were made to determine the true surface areas of the mesh frac-
tions by various techniques such as adsorption of stearlc acid

from a methanol solution, but the results were unsatisfactory
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due to chemlcal reactions between the powders and the solutions

used. Falling in obtaining an experimental verification of the
surface areas, the water vapor data were correctgd to yleld a
linear plot. From this curve, shown in Figure 21 as the water
vapor versus the corrected area plot, values of the correcteq
areas for the mesh fractions were determined. The ratios between
the corrected areas and the calculated areas were considered as
roughness factors and had values which ranged from 6.5 for the
coarse powder to 2.1 for the finest fraction. These factors

are tabulated in Table VII.

The total volumes of carbon diloxide and sulphur dioxide
evolved from the same mesh fractions considered above showed
relationshlips to the calculated surface areas similar to that
for water vapor. On plotting these gas volumes against the
corrected areas obtained from the water vapor.data, the cur%es
shown in Figure 21 resulted. It can be seen that both of these
gases correlate well with the corrected areas. Since the three
gas components are present on the water atémized powder fractlons
in a fairly constant ratio, this result is to be expected, if the
corrected area values have any real physical significance.
Further veriflcation of the procedure used to correct the area
velues 1s presented in Figure 22. This 1s & plot of the volumes
of water vapor and carbon dioxide against the same corrected
areas for the mesh fractions of water atomized powder after

cleaning in NHAOH. The resulting plots are seen to be linear
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even though a marked decrease in total quantity of gas is noted.
It would appear on this basis that the surface area with which
the gas 1s assoclated is a funetion of the copper powder particle
shape rather than the porosity of the surface fiims, since these
films are not present after the cleaning operation. |

The powders that were chemically cleaned in NHuOH and
then tested for total gas evolution, FPigure 22, showed a marked
decrease in the quantities of wafer vapor and carbon dioxide
that were evolved, while the sulphur dioxide was completely
absent. The cleaning operation yielded a powder that was
completely free of any obvious surface film or coloration. This
i1s still further proof of the surface origin of the evolved gases
and Indicates that they are associated with the observed darkened
powder surfaces.

The cleaning action of the NHMOH was not due to a soiution—
ing of the surface films, but to the solution of the underlying
copper. Turblid solutions containing a fine brown precipitate
resulted from the cleaning operation. Subsequent addition of
hydrochloric acid to the decanted liquid containing the pre-
cilpitate resulted in its immediate clearing,_leading to the con-
clusion that the films were hydrated oxides of copper. These
are insoluble 1in NHuOH, but they are soluble in ammonium chloride
solutions.

The carbon dicxlde and water vapor remaining on the

powder after cleaning were thought to have been picked up during



or after the cleanling process. Tests were made on cleaned
powders that were allowed to stand under atmospheric conditions
for periods up to 198 hours. These data are the bases of fhe
plots shown in Flgures 23 and 2. It can be seen that the
cumulative'volume plots do not show any noticeable increase in
the amounts of water vapor and carbon dioxidé. The powder re-
mained bright and tarnish free even after six months in the
atmosphere. The heats of decomposition, calculated from carbon
dioxide partlal pressures over these powders, were considerably
higher than those obtained for the as-received powder, indicating
a stronger chemlcal binding. It 1s thus evident that the remain-
ing material on the copper surface was altered by the cleaning
operation if not completely replaced by another compound.

Some of the water atomized powder was treated with nitric
acld to remove the surface Qilms and then . outgassed. The
quahtity of gas evolved on immediate testing was somewhat smaller
than on the as-received powder, but the analyses was not obtained
because of the presence of the oxides of nitrogen in the evolved
gases. It 1s very difficult to obtailn analyses of these gases
because of thelr unstable nature. These oxides of nitrogen
were present even after extensive cleaning of the powder after
the nitric acid treatment. Allowing the powder to stand for a
period of a few days produced extensive darkening of its surface
and the quantity of gas evolved was conslderably greater than

with the powder immediately after cleaning.
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Alr Atomized Powders

The gas evolutlon data for the alr atomized powders are
presented graphically in Figureshzé through 31. These data were
taken to dqtermine if the same gases were desorbed from these
powders as from water atomized powders.

The data show that the same gases are evolved from all
three of the air atomized powders tested. The quantities evolved,
however, are not comparable to the quantities evolved from the
water atomlzed powder. On the basis of specific surface area as
célculated from the particle sizes, it would be expected that
greater quantities of gas should be desorbed from these powders,
but this was not the rgsult observed on testing. Powder No. 1,
the finest of the three powders, actually evolved about the same
quantity of gas as the coarsest of the water atomlzed powder
fractions. Powder No. 2 evolved a slighter greater amount of gas
than the finest water atomized powder while powder No. 3 evolved
less gas than any of the other powders tested. These data indi-~
cate that some factor other than specific surface area is con-
trolling the quantities of gases desorbed from these poﬁders.

The appearance of the air atomized powders varied markedly
for the three powders tested., Powder No. 1 was bright. Pdwder
No. 2 was reddish brown and Powder No. 3 was very badly oxidized.
The third powder evolved the least quantlity of gas of the three
while the second evolved the greatest quantity, this latter

powder was quite similar in appearance to the fine fractions of
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weter atomized powder. These facts glve further emphasis to the
reletionship between the powder surface condition and the subse-
quent gas evolution. t
From the analyses of the total ggs8 evolved into a cold
trap, shown 1in Tables VIII and XIX, it is apparent that the ratios
of water wvapor to csrbon dioxide are consider&blf'different
for these powders. This leads to the concept that differsnt
surface compounds are formed on the sir atomlized powders than
on the water atomized powders during or subseguent to atomizing.
As further evidence of this, the partial pressure dats of the
carbon dlioxide over the alr atomized powders Indlicated that the
heats of decomposition, as showm in Table XX for two of the three
powders, were sonsiderably'gre&ter than those obtained for the
water atomized powder. The lowest heat of decomposlition found
for the alir atomized powders, that found for Powder No. 25 |
corresponds to values obtained with the water atomized powder
and the water vapor to carbon dioxide ratioc for this powder 1s
also more Iin line with that found for the water atomlized powder.
Thms, although the gases evolved are the same ags those from the
water atomized powder it appears that the assoclation of these
gasegs with the surface is differemnt.

Sti1ll further differences between the two types of powders
can be noted from the cumulative gas volume data. Very Little
hydrogen was found im the gases over the air atomized,p@mdérs
at elevated temperatures. With all the powders a drop in the
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quantity of water vapor found over these powders is noted at
elevated temperatures indicating that a reaction did occur
between the water vapor and the hot powders. The sulphur dioxide
content of the gases over all three powders did not show the re-
versal at high temperatures found with the water atomized
powders. A comparison, however, of total gas volumes with the
cumulated gas volumes indicates the same reaétion did occur in
esach case,.

The hydrogen present over the water atomized powders would
indicate that the powder was relatively high in hydrogen content,
and the nature of the water atomization would lead one to expect
this high hydrogen content. The air atomized powder, on the
other hand, was relatively free of hydrogen and thus could accom-
modate the hydrogen from the dissociated water vapor at a relative-
1y low hydrogen pressure. It is believed that the sulphur dioxide
reversal did not occur as strongly with the air atomized powders
as with the water atomized because of the extremely high oxygen

content of these powders as shown in Figures 2, 3 and l.

Electrolytic Powder

The electrolytic copper powder ﬁas investigated to deter-
mine whether a marked change in manufaéturing method affects the
composition of the gases evolved from the powder.

The powder tested was extremely fine, of the order of.
three microns diameter, and was reddish brown in appearance. On
the basis of the experlence with the air atomized powder 1t was

anticipated that large quantities of gas would be evolved from
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powder with this appearance. As can be seen from the plot of
cumulative gas vclumes for this powder, Figure 32, large quan-
tities of gas were evolved when the powder was heated, even
larger quantities than had been anticipated. The gases were of
the same cqmposition as previously noted with other powders:
water vapor, carbon dioxide and sulphur diox;de. The ratio of
water vapor to carbon dioxide compared favorably to that ratio
found with the alr atomized powder. Total gas volumes evolved
are shown 1In Table XIX, these are the data from which the ratios
are calculated.

The heat of decomposition as calculated from the carbon
dioxide partlal pressure data is of the order of 5000 cal per
gram mole, a value higher than thatAObtained for the water
atomlized powder, but lower than the values obtained on two of
the air atomized powders. No reversals are noted in the water
vapor and sulphur dioxide in the cumulative plots of these com-
ponents, however the total gas analyses show some differences

from the cumulative data, indicating that reactions were occurring.

Other Powders

A reagent type copper powdér marketed by Mallinckrodt
Chemical Company, and a powder of unknown origin were tested
for total gas evolution and composition as further verification
of the evolution of gases from powders stored under somewhat
different conditions.

In size and appearance the reagent type powder was similar

to the air atomized powder No. 2. This similarity is alsoc noted
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In the microstructure of the powder shown in Figure 7. The
total gas evolution, Table XIX, showed that the similarity
between these powders went still further in that the gas com-
positions were very similar. The greater quantities of the gas
components evolved from the reagent type powder are readilly ex-
plained by the differences in powder size. Air stomized
powdwr No. 2 was 17 microns in diameter, while the reagent type
was about 13 microns, thus the reagent type powder has the higher
specific area.

The unknown powder was similar in structure and appearance
to the electrolytic powder as can be seen in Figures 5 and 6.
The total gas volumes evolved from this powder were also markedly
similar to those found with the electrolytic powder. One ex-
ceptlon is to be noted, as shown in Table XIX the quantity of
sulphur dioxide evolved from the unknown powder is very much
larger than that found with the slectrolytic powder. This dif-
ference 1s belleved to be the result of absorption of this com-~
ponent on standing.in the laboratory for a period of at least
ten years. An 1indication of the origin of these surface gases

1s thus given by this difference in sulphur dioxide evolution.

Origin of Evolved Gases

This study has shown that the same gases are present on
all of the copper powders and that they are assoclated with the
powder surface., The gas evolution results from the decomposi-~

tion of a surface layer on the powder. The variations in
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manufacturing methods produce such a wide divergence of th?
powders! environments that it is hardly likely that simila} gas
componeﬁts would be adsorbed on all of the powders. It is much
more probable that the surface of the powders aré sub ject to
corrosion on contact with the atmosphere. The gaées desorbed
indicate that the surface layers are similar in composition fo
patina and verdigris, ﬁhich contaln mixtures of sulphates, basic
carbonates, copper oxides and copper hydroxides. These products
are frequently found on massive copper after prolonged atmos-
pheric corrosion.

The ratlos of the eﬁolved gases do not in all cases
correspond fo the decomposition of definite QpeMical compounds
such as Cus0, - 5 Hx0, 2 GuG0, - Cu(0H), and CuC0, - Cu(OH),.
Further, the heats of decomposition for these compounds are
greater than the heats of decomposition obtalned for the powders
Investigated. Values of 8,000 to 11,000 would be expected for
decomposition of the carbonates while values of 2,000 to 6,000
were found. On the other hand fhe linearity of the partial
pressure of carbon dioxlde versus 1/T plots indicates that it
is improbable that the carbon dioxide is physically adsorbed
on the powder. This leads then to the conclusion that the sur-
.face compounds are lntermediate to these two conditions and the
source of the gases are compounds such as Cu0 - (H,0)_,

Cu0O - (COZ)x . (H20)y and Cu0O - (802)x . (HZO)y' The latter two

compounds must decompose 1n a two step process, first losing
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water and then giving up carbon dioxide. The notation used is
meant to imply that these are intermediate compounds only
slightly more organized than physically adsorbed materials énd
not definite chemical carbonates and sulphates. They probably
are formed on exposure to the atmosphere and in time in the
presents of molsture, trangform to the basic carbonates and
sulphates found in patina énd verdigris.

It 1s Interesting that the powders that contained water
and carbon dloxide in the same ratios as those for the basic
carbonates had heats of decomposition that more closely ap-

proached the values expected with such compounds. It was also

noted that wlth most powders the gases evolved contained an excess
of water as compared to either of the basic carbonates. This is
belleved to indicate that the corrosion process 1s one in which

water vapor must first be absorbed and then subsequent reactions

with'atmospheric carbon dioxide occur. 1In.all probability the
sulphur dioxide pickup occurs ih_a manner similar to that for
the carbon dioxide, but since the same information about this
component could not be obtained, the association of this gas

with the.powder could not be definitely ascertained.



CONCLUSIONS

l. All copper powders desorb water vapor, carbon diloxide

and sulphur dloxide on heating to 1L00°F.

2. The quantities of gases evolved are dependent on the
temperature_and the evolutlon process is irreversible in that

cooling does not cause immedlate reabsorption of the gases.

3. The source of these gases are surface layers on the
cbpper powders. The gases are not physically adsorbed, but are

believed to be compounded with the copper in compounds of the

types Cul0 - COZ’ Cul - (Coz)x . (HZO)y and Cu0 - (SOE)X . (H2O)y°

li. Cleaning of the surfaces resulted in the complete re-
moval of the sulphur dioxide from the evolved gases and a marked

decrease in the amounts of water vapor and carbon dioxide.

5. The quantity of each gas evolved 1s proportional to
surface area, In the case of the water atomized powder, indicating

a fixed type and quantity of surface compound for this powder.

6. On continued contact with the hot powders the evolved
water and sulphur dioxide have been shown to react with the

powders.

7. The extent of the reaction of the water vapor and
sulphur dioxide with the hot copper powder asppears to be re-
lated to the solubilitles of the dissocisted components in the

copper.

| g95_
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8. The heats of decomposition computed from the partial
pressure data of the carbon dloxide evolved are lower than for
chemlical decomposition of known basic carbonates. The fact that
they could be determined indicates that physical adsorption is

not occurring.

9. The treatment of water atomlzed powder with NHhOH
stablllzed the surface to subsequent adsorption while treatment

with HN03 accelerated the process.

10. The appearance of powders when compared with'gas
evolution leads to the conclusion that tarnished powders have
greater absorption than bright powders or powders with heavy

oxlde coatings.

11. The corrosion of copper powder in the atmosphere.is

a process similar to patina formation found with massive copper.

12, The volume of gas evolved on heating is sufficient

to cause extremely high pressures within a sintering powder

compact.

13. Vacuum treatment of compacts at intermediate tempera-~,
tures would remove a large portion of the absorbed gases before

sintering began.

1lly. Since the total quantity of gas present i1s a function
of the surface area, a spherical powder shape should result in a
minimum amount of difficulty from absorbed gases at a given

particle size.
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APPENDIX A

CALIBRATION OF SPECIMEN MANIFOLD

The-effective volume of the specimen manifdld, shown in
Figure 8, had to be determined in order to calculate the volﬁme
of evolved gas. Changés In the burette mercury level necessary
to maintain constant pressure in the manifold resulted from the
temperature change of the Vycor specimen tube as well as gas
evolution. Therefore it was necessary to find the apparent
volume of this system as a.function of the specimen tube tempera-
ture. |

The fixed volume of the manifbld, deslgnated as !s,-was
1°? Sz, 53, Su,
and 87 exclusive of the burette, which was calibrated before

defined as thaﬁ volume enclosed between stopcocks S

Installation. This volume was determined by enclosing dry helium
in the manifold at a pressure near 150 millimeters of mercury,
wlth the burette reading near zero. The pressure, P, was then
measured with the mercury manometer as a function of the burette
reading r. The 1deal gas law was assumed to be applicablé at
these low pressures. .The functlonal relatlionshlp betwsen

pressure, volume and the burette reading is,
K/P = V_-r Eq. No. A-1
K 1s a constant. A plot of 1/P versus r yvyields a straigh% line

as shown in Flgure A-1l. The intercept of this line on the r

axis 1s equal to 28 .
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FIGURE A-|. CALIBRATION OF FIXED VOLUME OF SPECIMEN MANIFOLD.
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The volume 18 can also be calculated from any two points

on the line (Pl, rl) and'Pz, r2) as
v, = (P2r2 - Plrl)/(Pl - P2) Eq. No. A-2

The results of typilcal calibratiéﬁs gave values of }2.1,
h2.3 and 41.6 milliliters for an average of 2.0 milliters for
the volume IS. The devliation from the average value represents
an error of less than one per cent.

| The volume of the specimen tubes Et were determined
separately since several tubes were used during the course of
the investigation. A separate determination mgde‘repetition of
the calibration procedure for the fixed system unnecessary at
each change of specimen tube. The specimen tube volume was
determined by enclosing an amount of helium in the fixed system
at a glven pressure and burette reading r,y and the opening stop-
cock §7 connecting the previously evacuated specimen tube to the
manifold. The pressure was then returned to its original value
and a new burette reading was recorded r,. The volume qf the
specimen tube was then equal to the difference in burette read-

s

Vt = r

1~ T Eq. No. A-3
Several determinations were made for each tube. A typlcal

group of readings gave values of 26.3, 26.5 and 26.7 milliliters
as the volume of a specimen tube for an average value of 26.5

milliliters. The close agreemént of the three determinations
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represents a deviation of less than one per cent from the
average value of the tube volume.

The effective volume V, of the manifold varied with the
temperature 22 of the heated portion of the specimen tube. A
relation between this temperature gnd the effect;vg volume wéé
developed as follows,

Letting Il and Eé represent the volumeé of the two sections
of the manifold at the two temperatures 21 and 22 respectively,
where 21 s room temperature, n., and n, are the amounts of gas
in the manifold at these same temperatures. We can write the

ldeal gas law in terms of the effective volume as,

PVe = (n1 + n2)R T, Eq. No. A-}
Substituting into Equation A-}li the expressions of the amounts of
gas 1n each section of the manifold in terms of the pressure

which 1s constant, the volumes, and the temperatures of these

sections gives an expression for le‘
Vo = V3 + 7V, (Tl/Ta) Eq. No. A-5

From Equation A-5 i1t can be seen that a plot of v,
versus ’I'l/T2 gives a stralght line. Xe 1s determined by noting
the change In burette readings as the temperature of the specimen
tube 1s raised with a constant rressure of hellium enclosed in
tThe manifold. The plot, an example of which 1s shown in Figure
A-2, i1s useful since 1t is applicable for all conditions of

amblent temperature. Corrections were taken from thils curve
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and subtracted from the burette changes in calculaﬁing the
volume of evolved gas when a temperature change occurred between
the two burette readings from which the volume was belng calcu-~
lated.

| Several determinations of this calibration gave values
of V. at a given temperature which varied by less than 0.5 milli-
litefs. This represents an error of less than one per cent in
the volume, which varied from a value of 68 milliliters to 59
milliliters over the range of T0°F to 1400°F. On the basis of
this reproducibility and.tﬁe linear nature of the plot,-calibra-

tion can be made with only two data points, one of which can be

taken at room temperatur:

where the effective volume is knbﬁn.

e el ettt



APPENDIX B

MATRIX AND SENSITIVITY CALCULATIONS FOR THE
MASS SPECTROMETER

In a gas mixture of several components the parent peaks,
those on which the mass spectrometer sensitivities are calculated,
frequently coincide with those of cracked fragments from other
components. It is therefore necessary to distlinguish between the
parent peak and the additive effects of other components. Since
the various coincident peaks add linearly, an expression from

which the parent peak can be found is easily developed as the

sum of the various intensities. Considering the peak height as

the intensity I, we can write the following sum.

I =

1 AllI + A_.I +  Le.... AT Egq. No. B-1

rl 127 pe2 In"pn

Where Ipn is the intensity of the parent peak of the nth component
In the inlet system. 1Its value is related to the partial pressure

of the component as follows,

P = I__/s

Egq. No. B-2
n pn

n
§n 1s the sensitivity of the mass spectrometer for the nth com-
ponent.

In Equation B-1 the constants Aln are the ratiocs of the

psak contribution at the M/e value to the parent peak intensity
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for the component n. The constants so determined for all of the
peaks in the spectrum of a glven component are called the crack-
ing pattern.

A system of n components will give n equations of the
typre shown in Equation B-1. A spectrum for the mixture will

give values for ll through ln which can be expressed as shown

below.

I1 = Allel + A121p2 + teneee AlnIpn Eq. No. 3_3
12 = AZIIpl + A221p2 * et Aznlpn
In = Anllpl + AnZIpZ + e AnnIpn

To determine the amount of each component present the

n .
slmple case, where most of the A values are zero, the solution

equations in B-3 must be solved fqr Ipl through Ip e« In a
may be made directly. When many of the A values are finite and
n 1s greater than 3 or ly, the solution may be more readily ob-
tained by computer techniques. The solution involves an nbyn
matrix made up of the coesfficients of the equations in B-3.
The computer uses a method.of successive approxihations
In this solution. 1In order that the approximations converge to
a solution in a minimum of operations, the matrix must be properly

arranged. The highest coefficients, which are unity by definition,

are arranged along the diagonal of the matrix from upper left to
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right. The zero valued coefficients are best handled in the
upper right hand portion of the matrix.

A matrix of this type was derived for a system containing
helium, water vapor, carbon dioxide, carbon monoxide, nitrogen,

- Oxygen, sulphur dioxide and hydrogen. The derivation was madé by
running the pure componénts through the mass spectrometer. The
resulting derived matrix is shown in Table B-I.

In the matrix of Table B-I the columns are the cracking
patterns of the pure standards and the rows correspond to the
coefflcients in Equation B-j. Since the parent peaks of both
carbon monoxide and nitrogen occur at an M/e ratio of twenty-
elght, this peak was used to calculaté the sensitivitles for
both of these components. Because of the lack of spectral reso-
lutioﬁ this peak was not included in the matrix. As a result
the coefficients for the twelve and fourteen peaks that were used
are necessarily calculated as a fractional relatidn off these to
the twenty-eight peak. This results in the diagonal terms being
less than unity. 1In practice the twenty-eight peak and the
sixteen peak were frequently used to check the matrix calcula-
tion by determining a Balance around these two peaks. This
operation was quite sehsitive to errors in peak determination
or to shifts in cracking patterns, since the two peaks occurred
In the cracking patterns of several of the components.

The same standard runs were used to calculate the sensl-

tivities of the instrument for the various components. The
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TABLE B-I

DERIVED MATRIX

coMpoNENT _He M0 %% Hy co No 0y SO0,
M/e n 1 2 3 L 5 é z 8
L 1 1.0000 O 0 0 0 0 0 0 |
18 2 0O  1.0000 O 0 0 0 0 0
Wy 3 0 0 1.0000 O 0 0 0 0 ?
2 L 0 .0019 0 1.0000 O 0 0 0
2 5 0 0 .1010 o0 .0811 O L0067 0O
i 6 o) 0 .0007 0 .0097 .1h11 0 0 5
2 7 0 0 0007 0 0 0 1.0000  .1461 ;
6y 8 0 0 0 o 0 0 0 1.0000 |

— m— e e —

operation was quite simple, conslsting of a division of the parent

peak helght by the pressure of the pure gas in the inlet system.

An example of the values found for varlous gas sensitivities is
glven in Table Bfll. These are in units of divisions (peak height)
rer micron (pressure). Cracking patterns vary with the conditions
of the Instrument, as do the sensitiviﬁies, consequently frequent

calibrations must be made.
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TABLE B-II

MASS SPECTROMETER GAS SENSITIVITY

Sensitivity

, g Divisions ?
Comporient Per Micron ;
Helium 11.15 |
Water 38.84
Carbon Dioxide 68.13
Hydrogen 30.53
Carbon Monoxide | 6l.10
Nitrogen 61.29
Oxygen L8.h41

Sulphur Dioxide 52.22




APPENDIX ¢

GAS _ANALYSES

The two techniques used for determining the gas analyses
differed in the following respects. In the detailed method
Initlally used, the matrix determination of the parent peak
intensities was necessary and the water content of the gases
was determlined by freezing it in the collection manifold. In
the second method the minor components are ignored and the
water is determined by difference, using a material balance.
An example of treating the same data by both methods is shown
below and the results of the analyses are compared,

- Data taken on the specimen manifold for thls test are
shown in Table C-I. |

The mass spectra of the five gas samples taken during
the outgassing operation are listed in Table C-II along with
the sample analyses found by the two methods used.
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TABLE C-II

GAS ANALYSES

J4O0°F Sample
Compo-~ I I P Volume Percent
nent M/e Dfllv. Dliag. Micgons lst method 2nd me thod

He I 620.0 620.0 55.61 83.36 83.15
H,0 18 12.4 12.h4 0.32 13.37 13.77
co,, Ll 139.5 139.5 2.05 3.07 3.06
H, 2 0.5 0.5 0.02 0.02 0.02
co 12 1.1 0.3 0.01 0.01 . -
N, 1k 1.0 5.8 0.10 0.1h4 -
0, 32 1.0 0.8 0.02 0.03 -
S0, 3n 0.0 0.0 0.00 0.00 . 0.00

600°F_ Sample
He i 639.0 639.0 57.32 70.18 69.27
H,0 18 10.9 10.9 0.28 25.93 27.05
co,, Ly 205.8 205.8 3.02 3.70 3.65
H, 2 0.8 0.8 - 0.03 0.03 0.03
co 12 20.6 0.3 0.01 0.01 -
N, 1L 1.2 7.0 0.11 0.14 -
0, 32 0.9 0.8 0.02 0.02 ' -
S0, 6l 0.0 0.0 0.00 0.00 0.00

800°F Seample
He L 568.0 568.0 50.95 66.51 65.19
H,0 18 9.4 9.4 . o0.24 28.63 30.27
co,, Ll 21,0.0 2110.0 3.52 L.60 4.5
th 2 0.4 0.4 0.01 | 0.02 0.02
co 12 2L.5 3.0 0.05 0.06 -
N, 1l 1.2 7.0 0.11 0.15 -
0, 32 1.0 0.6 0.01 0.02 -
S0, 6l 0.8 0.8 0.02 0.02 0.02
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TABLE C-II (Contt'd)
GAS ANALYSES

1100°F Sample

Compo-~ ' I I P Volume Percent

3 nent M/e D?v. _QE;. _;pgq’Q lst method 2nd méthod
1 He Ly 519.0 519.0 L46.55 62.9L - 62.56
2 H20 18 8.1 8.1 0.21 28.06 28.73
3 002 ,hh Lhio0.0 410.0 6.02° 8.1k 8.09
L H2 2 2.3 2.3 0.08 0.10 0.10
5 co 12 h1.3 3.0 0.05 0.06 : -

6 N2 1L 1.4 7.0 0.11 0,15 -

7 02 32 .0 0.6 0.01 0.02 -

8 802 64 20.3 20.3 0.39 0.53 - 0.52

1400°F Sample

1 He Iy 500.0 500.0 L4L.85 63.89 63.94
2 H20 18 13.0 13.0 0.3 23.52 23.79
3 co,, Ll 108.0 4o8.0  5.99 8.53 8.54
I 2 7h3 7h3 2443 3.47 3.L7
5 co 12 L10.8 h.7 0.07 0.10 -

6 N, 14 1.6 8.9 0.15 0.21 -

7 02 32 2.4 0.6 0.01 0,02 -

8 802 6l 9.7 9.7 0.19 0.27 0.27




Water was frozen out of these gas samples before they
were introduced into the mass spectrometer. This accounts for
the low 18 peak intensity. In the first method the dry analysis
was corrected by the amount of water determined in the specimen
manifold for the gé.s sample in question. In the second methoa
the ratio of the dry gés components as determined from the mass
spectrometer analysis and the known amount of helium in the gas
sample were used to calculate the amount of water in the sample
on a difference basis.

It can be seen that frery close agreement between the
results of the two methods of analysis 1s obtained. On the
basls of this good agreement and the ‘simplicity of the second

method it was generally used in calculating the gas analyses,
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APPENDIX D

CUMULATIVE VOLUME AND PARTIAL PRESSURE CALCULATIONS

Partial pressures of the various gas components at the
temperature at which the gas sample was taken were calculated
directly from the sample gas analysis since the total pressure

in the specimen manifold was known. The relationshlp used was,

Pn = fn . Pt Eq- NOo D—l
Where
Pn - 1s the partial pressure of the nth
component over the powder in the
manifold.
fﬁ - 1s the fraction of this component present

in the gas sample.

Pt - 1s the total pressure in the manifold
over the powder.

Cumulatlve volumes of the various gases were calculated
on the basls of the amount of gas present in the manifold at
the temperature in question and the amount already removed in

previous gas samples. The relationship used in making this

calculation 1s as follows,

Vnm = fnm(ve+ r) + Gnl* Gn2+ ©e Gn(m-l)
Eq. No. D-2
Where 4
Vnm ~ 1s the total volume of the nth component

evolved to and including the mth
temperature point.
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r - 1s the fraction of the nth component
in the gas sample taken at the mth
temperature point.

(Ve+ r) - 1s the total volume of the specimen
manlifold at the temperature in question
Gnm - 1s the volume of the nth component in

the gas sample taken at the mth tempera-
ture point. It is equal to

fnmvhm
me = 1s the volume of the gas sample taken at
the mth temperature point.

The gas volumes calculated with Equation D-2 were con-
verted to equlvalent volumes at standard temperature and pressure
(20°C and 760 millimeters of mercury pressure).

Table D-I lists the stepwise calculations used to deter-

mine the cumulative volumes of thé various gases for the samples

treated in Appendix C.



Compo-
nent by
He 0.8315
H20’ 0.1377
002 0.0306
H2 0.0002
802 0.0000
He 0.6927
H20 0.2705
002 0.0365
H2 0.0003
SO 0.0000
2
He 0.6519
HZO 0.3027
002 0.0451
H2 0.0002
802 0.0002
He 0.6256
HZO 0.2873
002 0.0809
H2 0.0010
50, 0.0052
He 0.6394
H,O 0.2379
cgz 0.0854
H 0.0347
882 0.0027
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TABLE D-T

GAS VOLUME CALCULATIONS

JOO°F Sample

G

ml

16.30
2.70
0.60
0.00
0.00

13.51
5.28
0.71
0.01
0.00

11.80
5.48
0.82
0.00
0.00

10.39
4.77
1.34
0.02
0.09

f(Ve+~r)

ml

105.10
17.40
3.87
0.03
0.00

600°F

Sample

88.80
3L4.68
.68
o0.olL
0.00

800°F

Sample

75.30
34.96
5.21
0.02
0.02

1100°F Sample

63.50
29.16
8.21
0.10

0.53

1L400°F Sample

53.11
19.39
6.96
2.83
0.22

Cumulative Volume

ml at 20.2 mm

105.10
17.40
3.87
0.03
0.00

105.10
37.38
5.28
0.05
0.00

105.10
h2.93
6.52
0.03
0.02

105.10
h2.61
10.3)4

0.12
0.53

105.10

37.61
10.43
2.86
0.31

ml at STP

0.h45
0.10

0.001
0.00

0.97
0.1l
0.001
0.00

l.11

0.17

0.001
- 0.001

1.10
0.27
0.003
0.01l

0097
0.27

0.07L
0.008
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