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ABSTRACT

The effects of amnealimg cold-worked tough 
pitch copper were investigated. Temperatures in the 
range of 700e$' to 1300°F were applied for selected 
times while specimens which had "been cold reduced 25%? 
50% and 75%? were annealed in atmospheres containing 
from 1% to 15% hydrogen. Correlations "between these 
stated variables were sought. The manner in which the 
degree of embrittlement was promoted by increases in 
temperature? time at temperature, hydrogen concentra
tion and prior cold-work was determined. Structural 
aspects of embrittlement were studied by micro
examination and the effect on mechanical properties 
was investigated.

vii



INTRODUCTION

The extensive scientific advancements of recent 
years have not been without impact on the field of metals 
processing where an increasing trend toward mechaniza
tion of processing operations is quite apparent„ Where 
it took several hours to perform an operation a few 
years ago, today, in some cases, the time has been cut 
to half or less through mechanization.

This trend has included improvements in design 
and performance of heat treating furnace equipment. Fully 
mechanized, controlled-atmosphere furnaces with close 
automatic control of temperature are now in wide use in 
industrial operations.

The use of controlled atmospheres has shown that 
secondary cleaning operations such as pickling or sand
blasting can be almost entirely eliminated in most 
instances. In the heat treatment of steel, good quality 
parts with a minimum of oxidation and decarburization 
can be obtained with significant reductions in cost for 
the manufacturer.

.... In another area of metal heat treating, that 
concerned with the annealing of tough pitch copper, 
controlled reducing atmospheres containing hydrogen are



desirable for eliminating the unwanted scale from oxi
dation. With this advantage, however, the accompanying 
disadvantage associated with hydrogen embrittlement 
must be ,dealt with, and it is this latter behavior which 
has given rise to the objective of the study reported 
upon in this paper.



.OBJECTIVE

This study has sought to provide some imsight 
into the effects of the fundamental variables involved 
in the annealing of tough pitch copper in controlled 
atmospheres containing hydrogen.

Its objective has been to determine the effects 
of temperature, time at temperature, hydrogen concentra
tion of the annealing atmosphere, and structure of the 
copper itself with regard to the amount of prior cold 
work, upon the degree of hydrogen embrittlement which 
results from this type of annealing operation.
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REVIEW OF LITERATURE

The hydrogen embrittlement of tough pitch copper, 
copper which contains a residual amount of oxygen usually 
in the form of cuprous oxide, was first reported early in 
1900o It was suggested at this time that the brittleness 
was due to the formation of steam by the reduction of 
cuprous oxideo The steam, unable to diffuse but as 
rapidly as it was formed was thought to cause a rupture 
in the metalo

In 1921, Moore and Beckinsale (1), studied the 
effects on oxygen bearing copper specimens of reducing 
atmospheres such as hydrogen, carbon monoxide, and coal 
gas which contained 50 percent hydrogen and 7 percent 
carbon monoxideo In addition to oxygen in the range of 
,026 to ,080 percent, small amounts of zinc, manganese, 
aluminum and phosphorous were present. They reported 
that the depth of embrittlement was a function of time 
and temperature, confirming the findings of previous 
investigators on the subject up to that time. Specifi
cally, specimens containing ,07 percent oxygen, when

(1) H, Moore and S, Beckinsale, "The Action of 
Reducing Gases in Heated Copper," The Journal of the 
Institute of Metals, 25 (1921), 219,
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treated for one hour in a hydrogen atmosphere 9 first
began to show signs of embrittlement at about 600*0
" . - ' '(1110°F)o With decreased oxygen content in the metal9 
it was found that a higher temperature was required to 
cause similar effect.

Smith and Hayward (2) studied the causes of 
brittleness in copper wire annealed in hydrogen atmos
pheres and the subsequent recovery by the application 
of high temperatures approaching the melting point of 
the material. They, indicated a sintering action was 
responsible for the fusing of the cracks in the material 
which were produced by the reaction of hydrogen and 
cuprous oxide to form water vapor. This phenomena pro
duced a subsequent improvement in ductility compared to 
metal which had been embrittled by hydrogen at the lower 
temperature of about 800*0 (14-70®F), In further studies 
in the low temperature range for long annealing periods 
of 1 to 3 days, they concluded that 400*0 (750?) was the 
maximum temperature advisable for an annealing treat
ment involving reducing atmospheres containing hydrogen,

(2) 0, S, Smith and 0, fi» Hayward, "The Action 
of Hydrogen on Hot Solid Copper," The Journal of the 
Institute of Metals, 36 (1926), 211,
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In a study of the influence of gases on the 

soundness of copper ingots, Allen (3) found that carbon 
monoxide, carbon dioxide and nitrogen were inert in so 
far as the formation of blowholes were concerned and 
that unsoundness in the cast structure was a result of 
the presence of hydrogen and its reaction with the cuprous 
oxide to form water vapor within the material»

In later studies, Ransley (4-) found that in 
treating copper containing oxygen in a carbon monoxide 
atmosphere, no embrittlement was apparent. It was noted, 
however, that any cuprous oxide present in the structure 
before an annealing treatment was not present in the 
structure after annealing, Further tests by Ransley 
indicated carbon monoxide to be insoluble in copper. In 
explanation of the above phenomena, he postulated that 
the oxygen diffused to the metal gas interface where it 
reacted with the carbon monoxide to form carbon dioxide. 
From this and other data, he further concluded that com
pound gases do not diffuse through solid copper; that 
embrittlement, if any, could be ascribed to the penetra-

(3) N. B, Allen, "Experiment on the Influence 
of Gases on the Soundness of Copper Ingots," The Journal 
of the Institute of Metals, 4-3 (1930), 81,

(4) 0, E, Rahsley, "The Diffusion of Oxygen in 
Copper," The Journal of the Institute of Metals, 63 (1939),
147. "  ' '



tion of hydrogen and the subsequent reaction with cuprous 
oxide to form water vapor; and that reactions Involving 
gases in solid solution and the. lattice but. rather 
at an interface| a copper surface, an oxide inclusion
or a grain boundary©

■ Etoibri11lement of pure copper and of dilute 
copper alloys by alternate, oxidation and reduction was 
the topic of an investigation by Rhines and Anderson (5)© 
They found that in the oxidizing cycle, oxygen diffused 
into the copper and embrittlement occurred upon subse
quent anneals at 800°G (147S9F) in a reducing atmosphere 
of dry hydrogen© They also found that foreign oxides 
embedded in the copper were reduced by hydrogen there
by adding to the overall embrittling reaction© Manganese, 
nickel, phosphorus, tin, and zinc were among the oxides 
found to cause, the most severe embrittlement© Arsenic, 
antimony and bismuth, they suggested, form volatile 
hydrides stieh as arsine, stibine or bismuthine, also 
resulting in embrittlement©

(5) F® H© Rhines and W® A© Anderson, “Hydrogen 
Embrittlement of. lure Copper and of Dilute Copper Alloys 
by Alternate Oxidation and Reduction,'* Metals Technology® 
7 (October, 1940), 1®.



Wyman (6) found that copper embrittlement often 
occurred under circumstances in which, it would not ordin
arily be expected to occur. He pointed out that reduc
ing gases might be produced by dirt or grease on the 
copper9 or by volatile products from enamel, dirt, grease, 
lubricants and other materials carried into the furnace 
ext raneously.

Shines (7) has compiled case histories dealing 
with gases and metals in fabricating processes. On the 
subject of copper embrittlement, he writes of several 
experiences industry has encountered in which observed 
effects were attributed to the presence of hydrogen.

Other references (8, 9) on the subject of anneal
ing tough pitch popper in reducing atmospheres suggest 
that the hydrogen be held to one percent or less to

(6) L. L. Wyman, "Copper Embrittlement, IT," 
Metals Technology, ? (April, 194-0), 1.

(7) E. H. Shines, "The Influence of Gas-Metal 
Diffusion in Fabricating Processes," Metals Technology, 
11 (January, 1944), 1.

(8) C. J. Smithells, Metals Research Book 
Vol. II (London. 1955), P° 902.

(9) T. Lyman, editor, Metals Handbook (Cleve
land, 1948), p. 881.



avoid embrittlement which was ascribed to the forma
tion. of water vapor. Ho data, however, were presented 
to substantiate the statements.

The literature which has been reviewed above, 
in most cases, has dealt with the subject of hydrogen 
embrittlement in copper at temperatures in excess of 
600®G and involving rathhr large concentrations of 
hydrogen. For most operations, annealing copper in the 
range from 375° to 630°P (700® to 1200°F) will produce 
the kind of properties which are commercially desired. 
It is in this temperature range and at times normally 
associated with a typical annealing treatment involving 
atmospheres typically produced by an exothermic gener
ator that are of interest in this study.



PBOCEDUBE

Material

The tough pitch copper used im this iavesti- 
gatioa was im ome imeh wide strips with varying nominal 
thicknesses of .188, -.125 and .063 inches. This 
material, designated "A11, was part of an annealed .250 
inch thick plate which was subsequently cold rolled to 
reduce the original thickness 25, 50 and 75 percent 
respectively. Ho intermediate anneals were given the 
material during the rolling operation. Additional 
material'., designated #B°, in the form of .050 inch thick 
sheet, in the annealed condition was also used for mom- 
reduced:, observations. Analyses of the compositions of 
the.above materials appears im Table I, Appendix.

Equipment .

Seat treatment of the material was performed 
at the Tucson plant of Hughes Aircraft Company. The 
furnace.;,equipment consisted of a pit type,, forced con
vection', atmosphere furnace manufactured by the Hevi- 
Buty Electric Furnace Company. The working area of the 
furnace was approximately mime and one-half cubic feet.
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Atmosphere was admitted into the furnace through the 
bottom. A fan in the cover of the furnace drew the 
atmosphere up through the work area and circulated it 
down around the heating elements and up through the work 
area once again. The outlet for the atmosphere was 
through a two inch port in the covet. The cover? it
self was sealed sufficiently about its circumference 
to allow no gas to enter or escape. Temperature within 
the furnace did not vary more than ilO°F from that re
corded on the control panel which incorporated a Leeds 
and Northrup automatic recorder and controller with 
proportional type input.

The atmospheres used were obtained from a nit
rogen .base generator manufactured by Gas Atmospheres, 
Incorporated. The generator was capable of producing 
the following gas concentrations

Hydrogen 0 to 15 percent
Carbon Monoxide 0 to 12 percent
Carbon Dioxide 0 to 6 percent
Water Vapor G to 5 percent
Methane 0 to <.5 percent
Oxygen 0 to .5 percent

The investigation employed 5 different hydrogen concen
trations in the annealing atmospheres. The composition 
of these atmospheres are listed in Table II, Appendix. 
The atmosphere prior to entering the furnace was circu
lated through a solution of monoethanolamine to absorb 
the carbon dioxide and a refrigerant and dryer to reduce
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the dewpoimt to -40eF. Dewpoimt within the heat treat
ing furnace was approximately -10° to +10°?. Concentra
tions of atmosphere gases produced "by the generator 
were automatically controlled and recorded by a Bailey
Eeter,

Prior to the running of any heat treatments for 
a given day, the recorder was first standardized. This 
was accomplished by shutting off the sample gas coming 
from the generator and sampling a known standard gas 
consisting of 10 percent hydrogen and the balance nitro
gen »

Experimental Procedure

Blanks one inch wide by eight inches in length 
were cut from the furnished material. Tensile test 
specimens;were then milled out from the blanks. A 
representative test specimen is illustrated in Figure I, 
Appendix.

Annealing heat treatments were conducted at 
temperatures of 700°, 850°, 1000°, 1150° and 1500°F 
for periods of one hour and in some cases four hours.
Ait additional few minutes was allotted the length of 
time at temperature to compensate for specimen heat up 
time. On completion of an anneal treatment, the speci
mens were water quenched to room temperature.
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Protective redmeiag atmospheres contaimiag 

hydrogen eoneemtrations of 1, 2, 4, 7 and 15 percent 
were investigated, The generator was set in each case 
to the required air to gas g?ati© and one-half hour soaking 
time was allowed in each ease for stabilization of condi
tions prior to loading the furnace. The gas flow, which 
was approximately 35© to 400 cubic feet per hour, was 
interrupted during the loading of the furnace and then 
again resumed.

Two to three specimens for a given thickness or 
degree of cold work were heat treated for a particular 
time, temperature and hydrogen concentration. Where 
three specimens were available, two were used for tensile 
tests, the third, when not needed to verify a set of 
test values, was sectioned in the two inch gage length 
and used for metall©graphic analysis. Where only two 
specimens for a given thickness were annealed, a metal—
1qgraphic specimen was cut from the end of the test speci
men prior to tensile testing.

Tensile tests were performed on a Tinius-Olsen 
60,000 pound capacity tensile test machine.

Hetallographic Examination

To observe structural effects of hydrogen embrittle
ment, specimens were polished, etched with an ammonium



hydroxide-hydrogem peroxide solmtioa amd them examimed 
microscopically with particular attention to the peri
meter of the cross section which was vulnerable to 
embrittlemento Measurements, recording the depth of 
embrittlement, were obtained at ten places„ An average 
figure was calculated and this figure was used to repre
sent the depth of the embrittled zone for that particular 
specimen, The specimens were further classified as to 
the type of embrittlement based on the above measurements 
Four types were standardized and these are described in 
the later section on Resmltfe, , ,



RESULTS

The data obtained following tjie procedure pre
viously outlined is tabulated im Tables II through XV, 
Appendix«, A detailed study of the data showed a number 
of trends. These have been ploted in Figures 2 through 
7, Appendixo The graphs shown are generally based upon 
identical data but specific sequences have been selected 
which emphasize the significant trends„

Effects of Increasing Temperature and Percent Hydrogen 
on the Depth of Embrittlement in Various Conditions of 
Cold Work ,

The data is tabulated in Tables X through XIII 
and plotted in Figures 2a, 2b, 2c and 2d.

The graphs show that the embrittlement increased 
with rising temperature. The depth of penetration was 
shallow at the lower temperatures but increased greatly 
at the higher temperatures. The treads are similar in 
each of the conditions of cold work shown. It appears 
that the effect was more outstanding at the higher degrees 
of cold work.

The graphs also show that the embrittlement 
increased with larger concentrations of hydrogen im the 
annealing atmosphere. The depth of embrittlement was

' 15.
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again shallow at the lower temperatures but Increased 
to a marked degree at the. higher temperatures® The 
trend is similar for each ease of cold work with a greater 
penetration being noted for the higher degrees of cold 
work©

Effects of Increasing Exposure Time and the Percentage 
Hydrogen on the Depth of Embrittlement as a Function 
of Prior Gold Work

The data are tabulated in Tables XIV and XV and 
plotted in Figures 3 and 4©

Figure 3 shows that the depth of e mbf it tie me nt 
increased as the amount of prior cold work increased©
This trend is not apparent after a. 1 hour treatment but 
is quite evident after 4 hours at the lOOO^F temperature© 

Figure 4 also shows that the depth of embrittle™ 
meht increased as the amount of prior cold work increased© 
Here? howevers the trend is not apparent for the eondi® 
tion of Vfo hydrogen concentration, but is plainly 
apparent for. both the 4% and 1% concentration©'

Effect of Hydrogen Concentration on the Elongation and Ultimate Tensile Strength for Various Conditions of 
Gold Work

In each of the cases presented in Figures 5a,
5b, 5c and 5d, the graphs show a trend of decreasing
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ultimate tensile strength and elongation values with 
increasing percentages of hydrogen for all degrees of 
cold work. Although at the lower temperatures the trend 
is not very apparent, it is, however, quite measurable'.t
at 1300°3r.

Effect of the Depth of Embrittlement on Percent Elonga
tion and Ultimate Tensile Strength

Figure 6 is a direct plot of these mechanical pro
perties as they are affected by the depth of embrittle
ment, without regard to the conditions of temperature, 
hydrogen concentration or cold work which produced the 
embrittling affect. It appears that the effect on 
mechanical properties begins to become pronounced above 
penetrations of .006 to .007 inches.

Schematic Correlation of the Limiting Conditions of 
Annealing Temperatures and Hydrogen Concentration in 
Causing Embrittlement

The graph, Figure 7» shows that larger concentrations 
of hydrogen caused embrittlement even at the lower anneal 
ing temperatures. It also shows that small hydrogen 
concentrations caused embrittlement only at the higher 
temperatures.



Metallographic Analysis

The micnostructure of representative specimens 
from each set of embrittling conditions were studied.
It was noted that the microstructural appearance of the 
embrittlement was similar regardless of the individual 
conditions of temperature, hydrogen concentration or 
the degree of cold work which produced the effect.

. j

This observation suggested that the various 
degrees of embrittlement could be classified by types 
depending upon the depth of penetration observed. Four 
types were selected and are tabulated as followss:

Type Degree of Embrittlement
I Ho embrittlement.
II Light embrittlement, greater 

than .000 inches and up to 
and including =002 inches.

Ill Moderate embrittlement, greaterthan .002 inches and up to and 
including .009 inches.

IV Heavy embrittlement, greater
thah .009 inches and up to and 
including .015 inches.

Representative microphotos showing the above 
listed types of embrittlement are presented in Figures 
8a, 8b, 8c and 8d, Appendix.

The above classifications provided a standard 
for evaluating the various penetrations observed under
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the different conditions which produced them© In the 
tables listing mechanical properties of annealed speci
mens ,, the type designations have been included for each 
of the specimens©

The microstructures observed showed a distinct 
difference between unembrittled and embrittled regions© 
Throughout the unembfittled regions, particles of copper 
oxide were observed in random dispersion in both grains 
and grain boundaries and had the distinctive light blue 
color typical of the copper oxide mieroeonstituentq 
Figure 9 is a typical microstrueture which shows this 
condition© In the embrittled.regionss however9 little 
if any of the blue oxide particles were observed© In
stead 9 numerous voids.were observed at the grain bound
aries and occasionally, within the grains® Figure 10 
Is a typical microstructure which shows this, condition©



DISCUSSTON

Effect of Increasing Temperat'ure and Hydrogen Concentra
tion on the Depth of Embrittlement in Various Conditions 
of Gold Work

Reference to Figures 2b =, 2c and: 2d» 
indicates that embrittlement does n o t  occur unless there 
is an appreciable, concentration of hydrogen in the 
annealing atmosphere^, regardless of the magnitude of the 
annealing temperatureo This behavior is to be expected 
since hydrogen is essential for the embrittling reaction©

At higher concentrations the penetrations are 
appreciable5 particularly at the higher annealing tempera
tures® This behaviorj, too, is understandable since 
diffusion rates in solid metals are known to double» approx!-, 
mately, for each rise of 20GF in temperature©

A comparison of the curves for O* 25,• 50 and 75 
percent cold work shows very little difference among them 
and indicates that prior cold work does not appreciably 
affect the degree of embrittlement produced© It appears? 
that the energy of deformation put into the material 
during cold working was released upon recrystallization 
during the annealing treatment and that release occurred 
prior to the oecurrence of embrittlement©
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Effect of Increasing Time at Temperature and Hydrogen 
Concentration on the Depth of Embrittlement as a 
Function of Prior Gold Work

The statement in the preceding paragraph which 
,) ' • suggests that embrittlement required more time to develop

than recrystallization is borne out by the curves of 
Figure 3. With but one hour at temperature the curve 
is flat indicating no change in the depth of embrittle
ment in any of the cold worked conditions, though re- 
crystallization occurred in all of them. With four 
hours L̂t temperature the effect of the four-fold increase 
in exposure time is apparent in the increased slope of 
the embrittlement curve.

In Figure 4, in which exposure time is held 
constant, the depth of embrittlement generally increases 
with increasing amounts of cold work. The effect of 
the higher temperature of 1300°F is also apparent in 
giving a positive slope to the 4 percent hydrogen con
centration curve as well as to the 7 percent curve even 
at the shorter exposure time of one hour. The increased 
embrittlement in specimens which experienced greater 
amount? of cold work might be attributed to a grain size 
effect. The more heavily cold worked material which had 
been reduced 75% was noted to have a smaller grain size, 
A.S.T.H. 6.5, at the end of the annealing operation compared
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to that of A.S.f.H. 5»5 noted in the material cold 
worked only 25%» The larger amount of deformation energy 
put into the material and the larger amount of grain 
"boundary distortional energy remaining in the smaller 
grain size material might account for a somewhat greater 
diffusion rate with the resulting greater depth of 
hydrogen embrittlement which was found to occur.

Effects of Hydrogen Concentration on the Elongation and 
Ultimate Tensile Strength in Various Conditions of Cold 
Work

, Reference to Figures $a, 5"b, 5c and 5d, 
show that neither elongation nor ultimate tensile strength 
were appreciably affected "by the hydrogen concentration 
at the lower temperatures, regardless of the amount of 
prior cold work imparted. As will he discussed in the 
next section following, a minimum depth of embrittlement 
was observed to be required before either elongation or 
ultimate tensile strength were affected, and this minimum 
was not produced at these lower temperature. At the high 
temperature of 1500°F, however, both of the mechanical 
properties fell off appreciably with increasing hydrogen 
concentrations. Again the contribution of higher diffusion 
rates and greater amounts of the embrittling element, 
hydrogen, should logically account for the effect.
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Effects of the Depth of Embrittlement on Elongation and Ultimate Tensile Strength

The curves in Figure 6 indicate that in order 
for embrittlement to be observed by the measurement of 
elongation or ultimate tensile strength, a depth of 
penetration into the structure of =006 to .007 inches 
was required. Both of these mechanical properties fall 
off quite sharply beyond this value of embrittlement. 
There appears to be no obvious reason for such behavior 
unless it be related to notch effects within the embrit
tled layer. It suggests that the tensile test may not 
be a sufficiently sensitive method for revealing the 
effect of embrittlement on mechanical properties, and 
that perhaps a bend test might be more appropriate to 
emphasize the crack propagating characteristic of an 
embrittled surface layer.

However, the curves of Figure 6, while not being 
of quantitative significance, do show quite clearly the 
degrading effect of hydrogen embrittlement on the duct
ility and strength of tough-pitch copper. They indicate 
the value of regulating the annealing conditions to 
prevent the occurrence of hydrogen embrittlement.
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Schematic Correlation, of the Limiting Conditions of Annealing 
Temperature and Hydrogen Concentration in Causing Embrittle- 
ment

Analysis of the data delved from this study 
of embrittling behavior suggested that the limiting 
Conditions of annealing temperatures and hydrogen . 
concentrations which would not result in embrittlement 
Could be expressed in the. form of a chart which might 
serve as a useful guide in the annealing of tough pitch 
copper® Figure 7 represents such a chart and indicates 
the three zones In which it may be expected that no 
embrittlement^ light embrittlement^ or heavy embrittle- 
ment5, respectively, may occur®

The data on which this chart is based were far 
from exhaustive, though the trends plotted are quite 
firm for the material used® Taken by itself it is 
not intended to be offered as a direct procedure for 
heat treating operations® Its value lies perhaps as 
a suggestion of the manner in which an annealing guide may 
be developed for a particular operation®

General Discussion of the Mechanism, of Embrittlement

In general, the observations made in this study, 
confirmed reports; by previous 'Investigators (1, 2> 4,
5, 6, 7) who found that embrittlement occurred in copper.
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if it contained oxygen, upon annealing in reducing 
atmospheres containing hydrogen»

The substance of the findings of these previous 
investigators indicates that hydrogen combines with the 
oxygen of copper oxide located near the surface of the 
material. The resulting water vapor which forms at 
the high annealing temperatures involved gives rise to 
sufficient pressure to create fissures within the micro- 
structure, particularly at the grain boundaries.

Hierostraetures studied in this investigation 
bear out such an indicated behavior. In the unannealed 
material, copper oxide particles were observed in 
random dispersion throughout the structure, as shown in 
Figure 9. It is to be noted that more of these particles
are to be found within the grains than at the grain
boundaries. They were light blue in color, typical of
the oxide phase in alloys of the Gu - CU2O system. After
the annealing treatments and after embrittlement had 
occurred, there was a notable absence of these particles 
within the embrittled layer near the surface. Instead, 
a number of fissures or voids were in evidence at the 
grain boundaries, and occasionally within the grains 
themselves, (reference Figure 10).

Evidently, the hydrogen in the annealing atmos
phere penetrated into the structure aided by the high
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diffusion rates which were in effect at the annealing 
temperatures used. It is likely that such penetration 
favored grain boundary routes since these offered paths 
of higher energy. Also, under the influence of the high 
annealing temperatures, the oxygen from the oxide part
icles must have diffused to meet the hydrogen at the 
grain boundaries. This mode of diffusion is suggested 
by the virtual disappearance of the oxide particles 
previously observed within the grain. The combination 
of hydrogen and oxygen to form water vapor as previously 
postulated (2, 5, 4, 8, 9) under the high temperature 
conditions present could be expected to account for the 
rupturing or fissuring of the grain boundary regions 
in the microstructure as observed.



CONCLUSIONS

Kie study described and discussed in the fore
going sections has led to the following conclusions::

1» That in the presence of sufficient hydrogen 
concentration, of the order of 3% or higher, embrittle
ment increases with increasing' annealing temperatures.

2» That at sufficiently high temperatures, of 
the order of 1000°F or higher, embrittlement increases 
with increasing hydrogen concentration of the annealing 
atmosphere.

5. That embrittlement increases with increased 
exposure time under embrittling conditions.

4. That embrittlement increases with increased 
amounts of prior cold work, but the increased depth of 
penetration, even for reductions of 75% ? is not appreci
able.

That both elongation and ultimate tensile 
strength decrease with depth of embrittlement, but not 
until penetrations of .006 to .007 inches have occurred.

6. That the irregular effect of depth of 
embrittlement on elongation and ultimate tensile strength 
noted above detract from the sensitivity of a tensile 
test as an indication of degree of embrittlement.
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APPENDIX
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FIGURE 1

A Representative Tensile Test Specimen.
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FIGURE 2a
Effect of Temperature and % Hydrogen on the Depth of 
Embrittlement with 0% Cold Work.
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FIGURE 2b
Effect of Temperature and % Hydrogen on the Depth of 
Embrittlement with 25% Cold Work.
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FIGURE 2c
Effect of Temperature and % Hydrogen on the Depth of 
Embrittlement with 50% Cold Work.
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FIGURE 2d
Effect of Temperature and % Hydrogen on the Depth of 
Embrittlement with 75% Gold Work.
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FIGURE 5
Effect of Increasing Exposure Time on the Depth of Embrit
tlement as a Function of Cold Work.
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FIGURE 4
Effect of Increasing Percentages of Hydrogen on the Depth 
of Embrittlement as a Function of Cold Work.
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FIGURE 5b
Effect of % Hydrogen on the Mechanical Properties for 25% 
Cold Work.
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FIGURE 5c
Effect of % Hydrogen on the Mechanical Properties for 50% 
Cold Work.
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Effect of % Hydrogen on the Mechanical Properties for 75%  
Cold Work.

£l
 
OM
6A

 
r/O-



41

3 6 q '2

P g p r t f  OP f p l t f p /  T T l£  M E N T  X /D '3(MCH£S)

$w

1

FIGURE 6
Effect of the Depth of Embrittlement on Mechanical Properties.
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FIGURE 7
A Schematic Correlation Between Temperature, % Hydrogen and 
Embrittlement.
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FIGURE 8a
A Representative Microphoto Showing Type I Embrittlement
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FIGURE 8b
A Representative Microphoto Showing Type II Embrittlement.
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FIGURE 8c
A Representative Microphoto Showing Type III Embrittlement.
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FIGURE 8d
A Representative Microphoto Showing Type IV Embrittlement.
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FIGURE 9

A Typical Microstructure Showing Random Distribution of Copper 
Oxide Particles♦

FIGURE 10
A Typical Microstructure Showing Voids at the Grain Boundaries.
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TSBLE I

Analyses? of Experimental Material

Element -» Material BAM Material nBn

Oxygen
Lead
Iren
Zinc
Tin
Nickel
Jlumin'um
Manganese
Silver
Bismuth
Antimony
Silicon
Copper

Nome Detected 
Less than oOOl/o 
None Detected 
None Detected
None Det@cted 
None Detected 
Less than *001% 
None Detected 
None Detected 
Less than * 
Eemainder

(Chem*) 
(Spec;) 
(Speeo) 
(Spec;) 
(Spece) 
(Spec*) 
(Spec®) 
(Spec®) 
(Spec®) (Spec®) 
(Spec®)

iCo )

None Detected 
Less than *001% 
None Detected 
None Detected 
None Detected 
None Detected 
None Detected 
Less than *001% 
None Detected 
None Detected 
Less than ©' 
Eemainder

(Chem®) 
(Spec®) 
(Spec®) 
(Spec®) 
(Spec®) 
(Spec®) 
(Spec®)
" -o)

1C® )

(Spec®) 
(Spec®)

* Furnished by the Bridgeport Brass Company 
** Furnished by the Hughes Aircraft Company

TABLE II 
Furnace Atmospheres

Constituent . Percent by Volume
t» CS3 BO'icSt CS» CS» tco «e» €39 B3» €30

Hydrogen 1 2 4 7 15
Carbon Monoxide 1 ' 2- 4 6 12
Water Vapor <o08 <^08 COo <̂ >08 4  08
Methane ^ 5 ^ 5 <«5 <#5
Nitrogen Bal®. Bal® Bal®. Bal® Bal&
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TABLE III
Mechanical Properties Obtained for the As-Received Material

Strength
Degree of Ultimate Yield
Cold Work Tensile (.2% Offset) Elongation

(%) (%)

0 52,407 ' 7,716 48.50 52,582 6,959 48.5
25 40,205 57,559 21.5
25 59,842 57,098 22.5
50 46,971 42,456 12.550 46,184 42,700 12.5
75 54,527 55,686 6.5
75 55,874 51,214 5-5
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TABLE 17

Mechanical Properties for a One Hour Anneal at 700°F with Var
ious Amounts of Hydrogen and Cold Work.

Degree of 
Cold Work 

(%)
Hydrogen

(%)
UltimateStrength
(psi)

Elongation
(%)

Type of 
Embrittlement

0* 1 51,510 49.5 I
25 1 51,817 55.0 I
25 1 51,788 51oQ I
50 1 52,520 51.0 I
50 • 1 52,289 50.0 I
75 1 55,510 50.0 I
75 1 .54,565 50.0 I
0 , 7 55,510 48,5 I
0 ' 7 55,781 49,0 I

25 7 50,999 54,5 I
25 7 51,575 52,5 I
50 : 7 51,821 54,0 I
50 7 31,624 52,5 I
75 7 55,916 49,0 I
75 ' 7 55,959 51.0 I
0 15 55,239 50,0 1

= 0 15 54,891 51.0 I
25 15 51,556 52,5 I
25 15 51,555 55-5 I
50 15 51,296 54,0 I
50 15 52,185 52.5 I
75 15 55,916 51.0 I

. 75 . 15 55,985 50,0 I

* One specimen only for this set of conditions.
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TABLE V
Mechanical Properties Obtained for a Pour Hour Anneal at 700°P 
with Seven Percent Hydrogen and Various Amounts of Cold Work*

Degree of 
Cold Work 

(%)
Hydrogen

(56)
Ultimate
Strength
(psi)

Elongation
(%)

Type of 
Emb rittlement

0* 7 I
o* s 7 — I

25 7 51,12? 55.0 I
25 7 51,558 54.0 I
50 7 51,929 51.5 I
50 7 51,458 51.5 I
75 7 55,562 52.0 I
75 7 55,620 50.0 I

* Metaliographic specimens only.
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TABLE VI

Mechanical Properties Obtained for a One Hour Anneal at 850oP
with Various Amounts of Hydrogen and Gold Work,

Degree of 
Gold Work 

(%)
Hydrogen

(%)
Ultijaate
Strength(psi)

Elongation
(%)

Type of 
Embrittlement

0* 4 I0* 4 — I
25 4 51,002 52,5 I
25 4 51,161 54,0 I
50 4 51,047 54,0 I
50 4 51,024 51.5 I
75 4 55,578 49,0 I
75 4 55,511 50,5 I
0
0 77

I
I

25 7 29,825 54,0 I
25 7 50,959 54.0 I
50 7 51,266 52.5 I
50 7 50,774 52,5 I
75 7 52,522 50.5 I
75 7 55,621 50.5 I
0* 15 --- I

25* 15 — — — I
50* 15 ”e,== — ——— I
75* 15 I

* Metall©graphic specimens only.
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TABLE VII

Mechanical Properties Obtained for a One Hour Anneal at 1000°F
with Varyious Amounts of Hydrogen and Cold Work.

Degree of 
Gold Work

(96)
Hydrogen

(%)
Ultimate 
, Strength (p'si)

Elongation
(%)

Type of 
Emb rittlement

k 0 1 34,275 48.5 I
0 1 54,004 50.5 I

25 1 51,160 54 I
25 1 30,704 54 I
50 1 52,018 51 I
50 1 52,016 53 I
75 l' 1 32,545 49-5 I
75 1 52,602 48.0 I
0 4 34,427 50.0 I
0 4 54,421 47-5 I

. 25 4 30,791 53-0 I
25 4 50,458 55-0 I
50 4 51,522 53-5 I
50 4 31,751 52.0 I
75 4 - 32,854 50.5 I
75 4 32,854 50.5 I
0* , , 7 34,363 48.5 II

25 7 30,856 53-0 II
25 7 30,737 51-5 II
50 7 31,057 51-5 II
50 7 32,179 51-5 II
75 ' 7 32,876 50.5 II
75 7 33,551 50.5 II

* One specimen only for this set of conditions.
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TABLE VIII
Mechanical Properties Obtained for a Four Hour Anneal at 1000°F 
with Seven Percent Hydrogen and Various Amounts of Cold Work.

Degree of 
Cold Work 

(%)
Hydrogen

(%)
Ultimate
Strength
(p'si;

Elongation
(%)

Type of 
Embrittlement

0* 7 III
0* 7 III

25 7 319038 55.0 III
25 7 31,678 54-c 0 III
50 7 50,719 51.0 III
50 7 30,84-3 51.0 . Ill
75 7 31,84-0 49.0 III

" 75 7 32,169 47,0 III

* Metall©graphic specimens only.



53

TABLE IX
Mechanical Properties Obtained for a One Hour Anneal at 1150°F 
with Various Amounts of Hydrogen and Cold Work.

Degree of 
Gold Work 

(%)
Hydrogen

(%)
Ultimate
Strength
(psi)

Elongation
(%)

Type of 
Embrittlement

Q* 2 II
0* 2 II

25 2 319229 52.5 II
25 2 31 $ 068 52.5 II
50 2 31,814 52.5 II
50 2 31,392 51-5 II
75 2 32,54? 52.5 II
75 2 32,280 50.5 II

* Metaliographic specimens only.
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TABLS X

Mechanical Properties Obtained for a One Hour Anneal at 1300°F
with Various Amounts of Hydrogen and Cold Work.

CtofTwog ^droge* Elongation ^ lt°|lement
(%) . (%) (psi) ■ (%)

0* 1 535397 49.0 I
25 1 31,116 53.0 I
25 1 30,759 54.0 I
50 ; 1 30,519 54.0 I
50 1 30,724 52.0 I
75 1 . 31,481 49-0 I
75 1 31,452 48.0 I
0 4 28,701 23-0 IV
0 4 28,431 21.0 IV

25 4 29,402 41*5 IV
25 4 29,599 41.5 IV
50 4 28,114 40.0 IV
50 4 27,746 40.0 IV
75 4 29,086 52*5 IV
75 4 29,253 33-5 IV
0 . 7 27,769 22.0 IV
0 7 26,369 17-0 IV

25 7 29,322 42.0 IV
25 7 28,739 .39-0 IV
50 7 28,696 38.0 IV
50 7 28,879 37-5 IV
75 7 28,080 27-5 IV
75 7 28,880 27-0 IV

* One specimen only for this set of conditions.
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TABLE XI

Depth of Embrittlement in Inches at Various Temperatures and
Hydrogen Concentrations for 0% Cold Work,

TemperatureOJ> 1
Percent Hydrogen 2 4 7 15

700 ,000 .000 .000
850 ... — — — — .000 .000 . .000

1000 ,000 .000 .001
1150 .001 e c  — »»«=,

1300 ,000 .011 .013 0=, — c-cco

TABLE XII
Depth of Embrittlement in Inches at Various Temperatures and 
Hydrogen Concentrations' for 25% Cold Work,

Temperature Percent Hydrogen0 .... 1 2 4 7 15

700 .000 m* .000 .000
850 . ,000 .000 .000

1000 .000 .000 .001 umm em em»cn»

1150 ———— , 001 ——— ————
1300 e GOO —--— e 009 o 012
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TABLE XIII
Depth of Embrittlement in Inches at Various Temperatures and
Hydrogen Concentrations for 50% Cold Work,

Temperatureop 1 Percent Hydrogen 2 4 7 15

700 ,000 ,000 ,000
850 ,000 ,000 ,000
1000 ,000 ,000 ,001
1150 ,001
1500 ,000 ,011 ,015

TABLE XIV
Depth of Embrittlement in Inches at Various Temperatures and 
Hydrogen Concentration for 75% Cold Work,

Temperature°E 1 Percent Hydrogen 
2 4 7 15

700 ,000 o» .000 .000
.850 .000 ,000 .000
1000 ,000 ,000 .001
1150 'i ,002 — —
1500 ,000 ,012 ,015
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TABLE XV

Depth of Embrittlement in Inches for One and Four Hour Times
at 1000C’F, 7% Hydrogen, with Various Degrees of Cold Work.

Degree of Cold Work
Time at 
1 Hour

Temperature 4- Hour

0 .001 .009 -
25 .001 .005
50 .001 . 006
75 .001 .007

TABLE XVI
Depth of Embrittlement in Inches for 1%, 4% and 7% Hydrogen 
Concentrations at 1300°F, One Hour at Temperature, with 
Various Degrees of Cold Work.

Degree of 
Cold Work 1

Percent Hydrogen
4 7

0 .000 .011 .013
25 .000 .009 .012
50 .000 .011 .013
75 .000 .012 .015


