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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Deferse Rescarch Commitiee were In a1corganization in the fall of 1942, tweaty-threc adminis-
(1) 1o recommend to the Director of OSRD ruitable projects  trative divisions panels, or committees were created, cach with
and research programs on (he instrumentalities of warfare, to-  a ¢hief selectad on the basis of his outstanding work in the par-
gether with contract facilitles for carrying out these projectsand  ticular field. The NDRC members theu became a reviewing and
programs, and (2) to adsinister the technical and scientific  advisory group to the Divector of OSRD. The final organization
work of the contiacrs. Morc specifically, NDRC functioned by was as follows:

initiating rescarch projects on requests from the Army or the Division 1-Ballistic Research

Navy, or on requests from an allicd government transmitted Division 2—Effects of Ywpact and Explosion
through the Liaison Office of OSRD, or on its own consldercd Division 3—Rocket Ordnance

taitiative av a rewlt of the experience of ity members. Proposals rivision {~Ordnance Accerories

prepared by the Division, Panel, or Commition for rescarch con- Divislon 5—New Missiies

tracts for perfermance of the work involved in such projects Division G6—Sub-Surfuce Warfare

were first reviewed by NDRC, aod if approved, recommended Division 7—Fire Control

to the Director of OSRD. Upon approval of a proposal by the Division 8~Explosives

Direcior, 2 contract permitting maximum Gexibility of scien- Divisicn f--Chemistry

tific cffort was armanged, The business 2spects of the onntract, Division 10-—-Alsorbents and Aerosols

including such maders as matcrials, dearanoes, vouitiers, pat.
ents, priocives, legal matters, and administration of patent mat.

ters were hantled by the Execiuve Secretary of OSRD.

Originally NDRC astministered its work through five divi-
sicm, each headed by one of the NDRC members. These vere:

Dividon A~ Arnor and Ordnance

Yivision B-Bomb, Fuels, Gases, & Chemical Froblems
Diviion C~Communication and "Framsportation
Pivision D=Detection, Controls, and Instruments

Division E~Patents 2ind Inventions

Division 11~Chemical Engincering
Division 12~Trazsporiation

Division 13-Elecirical Communication
Division 14—Radar

Division 15—Radie Coordination
Division 16—-Optics and Camouflage
Division 17—-Physics

Division 18-War Mctallurgy

Division 19—Miscellancous

Applied Mathematics Panel

Applied Psychology Panel

Committee on Propagation

Tropicil Deterioration Administrative Committee
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NDRC FOREWORD

s EvED s of the years preceding 1940 vevealed more
[@szd‘ more clearly the seriousness of the world
situation, many scientists in this country came to
rcalize the need of erganizing scientific research for
service in a naticnal emergency. Recommendations
which they made to the White House were given
careful and sympathetic attention, and as a result
the National Defense Research Committee [NDRC)
was formed by Exccutive Order of the President in
the suinmer of 1940, The members of NDRG, ap-
peinted by the President, were instructed to sup-
plement the work of the Army and the Navy in the
development of the instrumemalities of war, A year
later, upon the cstablishment of the Cffice of Scien-
tific Research and Development [OSRD], NDRC
became one of its units.

"The Summary Technicai Report of NDRC is a
conscientious effort on the part of NDRC to sum-
marize and cvaluate its work and to present it in a
useful and permanent ferm. It comprises some
seventy volumes broken into groups corresponding
to the NDRC Divisions, Panels, and Committees.

The Summary Technical Report of cach Division,
Panel, or Committee is an integral survey of the work
of that group. The first volume of each group's report
contains a summary of the report, stating the prob-
lems presented and the philosophy of attacking
them, and summarizing the results of the research,
development, and training activitics undertaken,
Some volumes may be “state of the art” treztises
covenng subjects to which varicus rescarch groups
have contributed information. Others may contain
descriptions of devices deveioped in the laboratories,
A master index of all these divisional, panel, and
committee reports which together constitute the
Summary T¢ * ical Report of NDRC is contained
in a separate volume, which also includes the index
of a microfilm record of pertinent technical labma.
tory reports and reference materiil.

Some of the NDRCsponsored researches which
had been declassified by the end of 1945 were of suf-
ficient popular interest that it was found desirable
to report them in the form of monographs, such as
thie series on radar by Division 14 and the monograph
oa sampling inspection by the Applied Mathematics
Pancl. Since the material treated in themn is not
duplica*ed in the Summary Techrical Report of

NDRG, the monographs are an important part of
the story of these aspects of NDRC research.

In contrast to the information on radar, which is
ot widespread incerest and much of which is released
to the public, the rescarch on subsurface warfare is
largely classified and ic of general interest to a more
restricted group. As a consequence, the report of
Division 6 is found almost entirely in its Summary
Technical Report, which runs to over twenty
volumes. The extent of the work of a Division can-
not thercfore be judged solely by the number of
volumes devoted to it in the Summary Technical
Report of NDRC; accoant must be taken of the
monographs and available reports published else-
where,

The field of wartime vesearch of Division 18 was
metailurgy. The objective of the Division, under
ihe leadership of Clyde Williams was to aid in im-
proving metallurgical processes and metollic mate-
rials of war and in promoting the conservation of
scarce and strategic materials.

The Division was unique among the NDRC
groups in that it carried out its technical functions
through the War Metallurgy Committee, a coordi-
nating unit of thirty outstanding metallurgists and
engineers created by the National Academy of
Sciences and the National Research Council.

The meiallurgical research program was not con-
cerned with the development of any specific military
equipment or finished product, but rather with mate-
rials and processes. Yet, though the program had no
startling device te advertise it, its results were liter-
ally built into plancs and rockets, ships and guns and
tanks.

The Division's Summary Technical Report has
been prepared under the direction of, and has been
authorized for publication by, the Bivision Chiel.
To him, to the divisional staff, to the members and
staff of the War Metallurgy Commaittee, and to
workers in the many contracting laboratories go our
appreciation and thanks.

VANNEVAR Busw, Director
Office of Scientific Research and Developnent

J. B. Conant, Chairman
National Defense Rescarch Gommitiee
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FOREWORD

HE FOLLOWING s ary technical report of the
Twork of the War Metallurgy Division (Division
i8) of the National Defense Rescarch Committee
[NDRC] gives a complete picture of the aims and
accomplishments of the Division's researca program
deseribed in such detail as seems adequate, To this
presentation the Divisien Chief bas nothing to add
by wav of technical comment or emphasis.

I do wish, however, to make acknoewledgment to
the editor, David €. Minton, Jr., for his painstaking
work in asembling, or himsclf writing, he several
sections of the report and in editing and coordinat-
ing the entire report. He already has made acknawl-
edgmenis in his preface to thase who prepared the
originai manuscripts for the several sections and
who otherwise assisted in the work, In all these
acknowledgments I wish to join,

After the specific acknowledginents in this report
have been made, there stll remains 2 very great
indebtedness on the part of the War Mealiurgy Divi-
sion o many other agencics, osganizations, and in-
dividuals,

The work of Division I8 was to undertake re
scarch to improve metallurgical processes, to improve
metallic materials of construction, and to promote
conservation and substitution of scarce or strategic
metallic materials, all as applied to the production
of instrumentalitics of war. Recognition of the de
sirability of the coordination of defense and war
research in metallurgy with industry and with re-
scarch agencies and technical socicties prompted the
Ofice of Scientific Research and  Development
[OSRD] and NDBRC in 1941 to enlist the assistance
of the National Acwiomy of Sciences and the Na-
tional Research Council as channels 1 cough which
NDRC metailurgical reseavch might be acvom.
plished.

The Division's thanks are tendered w USRD and
NDRC for providing and supporting this channel
of opciation and o the National Academy of
Sciences and the National Research Council for
arganizing and operating within their framework
the War Mectallurgy Committez to make effective
the desired cooperative cffort in mewallurgical re-
search. This cooperative efiort was made possible by
the members of the War Metallurgy Commiiiee and
wvera!l hundred industzial and university wmetal-
lurgists, engincers, and rescarch workers who servea
o the variows project advisory commiittees, their

time and technical advice being contributed by their
cmployers without charge.

In addition to contributing advice, industry gave
withour restrictions its accumulated knowledge, re-
sults of research, and helpful comments and criticiem.
This invaluable information was used by the War
Metallurgy Committee in appraising problems and
in planning and directing the research projects of
the Division's program. The members of the War
Metallurgy Committee and of the many project ad-
visory committees, who together represented all
phases of the metallurgical industry, were kept in-
formed of the progress of the investigations so that
the results could be utilized immediutely in their
research work and in war production. This free inter-
change of information and ideas was particularly
desirable in the work of the War Metallurgy Com-
mittee because its greatest value lay in obtaining and
disseminating industrial “know-how" so that in-
strumentalities of wai could be made froni materials
available, oftenr using substitute materials which
required special methods of processing, This is in
contrast with wnuch of the other work of NDRC
which was concerned with the development of spe-
cific miiitary devices oz finished products. Thus, the
Division was able to provide information not only
for the use of the Armed Services and their contrac-
tors, but also for the use of other Divisions of NDRC.,

The accomplishments of the Division, which were
made possibie by the activities of the War Metal-
furgy Committee, provide an outstanding example
of the resalts of cooperation between industry and
governmental agencies in time of emergency. Thus,
the Division’s activities throughomt were truly co-
operative and coordinating. The Division is fully as
proud of its accomplishments in these aspects of its
work as in any technical accoruplishments, and by
the same token it is sincerely grateful to all who
helped in this cooperation.

The Division is indebted and grateful also to the
Anned Services, not simply for the formally desig-
nated liaison, but for the sincere and active interest
and participation in the Division's program by all
cchelons of the Services' rescarch and development
organizations.

CrLYpE WiLLiAMs
Chiel, Division 18
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PREFACE

His REPOKT summuarizes the metallnrgy woik on
Tinstrumcmalizics of warfare carried out under the
direction of the War Metallurgy Division (Division
18) of the National Defense Research Committee
[NDRC]. '

The first purpose of this report is to serve as a guide
to help the future student of the original reports 1o
select those dealing with the subject in which he is
interested. Often a number of projects relate to the
sime general topic.

Asecond ebject is to give a broad view of the results
obtained and of their engineering meaning, which
may someiimes in iisell be sutficient for the reader’s
purpose, but more often may guide him to the par.
ticular report that he will want to consult for details.

In this connection, an attempe¢ has been made to
phrase the report ¢ that the meaning of the results
will be dear to a reader with general engineering
background, even though he is not a metallurgical
expert. However, some of the projects are so tech-
nical and specialized that a reader must be something
of an expert in the particular field to grasp even a
not-too-technical report. Reports on such topics prob-
ably will be referred to only by experts, so it has not
been considered necessary to define technical terms
or to discuss the elementary fundamentals involved.

The projects discussed in this report were given a
place on the war research program because experts
helieved that information on them could be used to
{urther the war effort, They were carried only as far
as it appeared that the information would be uscful
in World War II, although their further pro.ccution
in more leisurely fashion might be of value in com-
mercial problems or as a measure of preparedness
against a future war.

However, there are some projects in which matters
were brought to such a stage that continuztion and
expansion of the research programs obviously should
go on without interruption after demobilization of
NDRC. In these cases, further work by or for the
Armed Services usnally has heen arranged, and, since
the situation is continually changing, it appcars un-
desirable to go into detail velative to such projects in
this report.

An appraisal of the direct and indirect influence of
the work in some quantitative terms would be inter-
esting, bui the present writers, unable to make siuch
an appraisal, have not attempted it. Such an ap-
praisal could be made only by the Armed Services. It

would be a very difficult task, since many tributaries
fed the main stream of advancing knowledge of the
procuction and the processing of metals wnd alloys.
Service and civilian engmeering and research, the
civilian work directly sponsored by the Armed
Services, work of the other NDRC divisions and ol
the War Production Board [WPbB], as well as studics
carried on under still other auspices all blended to-
gether; and it wouldd be vivtually impossible 1o
determine which drop of water in the main stream
came from which tributary, That there already was
considerable water in the stream is indicated by the
fact that the bibliography? cn armor, armor-picercing
projectiles, and the welding of armor prepared by
Watertown Arsenal contained 1,197 entries on
armor, 457 on armor-piercing projectiles, and 121 on
welding. Tais bibliography covered work only
through 1942,

In accordance with the instructions issued for the
preparation of this report, no attempt has been made
to allocate credit to the individuals who contributed
to the work done. Rosters of the supervisory and ad-
visory persannel appear in the back of the volume,
Althengh the institutions where the research was
carried out are mentioned in the text of this - cporn
the bibliography must be consulted for the i es ol
the authors of the reports who were, in most instan
the principal investigators, The names of those who
supervised the work in bebalf of the government and
those who served on the many project advisory com-
mittees are given in the distribution lists cf the
various reports cited in the bibliography of this
report.

This summary technical report is based in part
on an editorial summary of most of the repotts of
Division 18 that was written by Dr. H. W, Gilieut,
a member of Division 18 and of the War Metallugy
Commiittee. Indeed, much of Dr. Gillett's sumimary
has been incorporated verbavim into this summary
technical report by these who prepared the several
chapteis. Chapter 2, “Armor,” was prepared by
Dr. C. H. Lorig of Battelle Memorial Institute and
Supervisor of Atmor Metallurgy Research, War Met-
allurgy Committee. Most of Chapter 3, “Guns and
Gun Steels,” was prepared by Dr, Cyril Wells, an in-
vestigator on the NDRCgunssteel projects at Carnegic
Institvte of Technology, The armor and ordnance
section of Chapter 6, “"Welding,” was prepared by
Dr. A, Muller; the secuon on ship welding and

CONFIDENTIAL ix
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welded steel ships of the samie chapter was prepared
by Dr. Finn Jonassen. Boti of these men are Assistant
Supervisors of Welding Research, War Metallurgy
Committee. Chapter 5, “Metals for High ‘Tempera-
ture Research,” was prepared by Mr, Howard C.
Crass of Battelle Memorial Institute and Supervisor
of High Temperature Metals Research, War Mesal-
lurgy Commiuee. Chapter 1, "Aircraft Materials™;
Chaper 4, "Ammunition”: Chapter 7, “Foundry
Matcrials and Processes”; Chapter 8, “"Encmy Maté-
riel”; and Chapter 9, “Miscellancons Materials for
Way,” were prepared by Mr. David C. Minton, J+,
Senior Technical Aide, Division 18, and Research
Supervisor, War Metallury Committee, The Sum-
mary was prepared by Mr. V. H. Schnee of Bautelle
Mecemaorial Institute and Chairman, Products Re-
scarch Division, War Metallurgy Committee, under

whose charge the technical administration of the
work of Division I8 was conducted.

In addition to those named above, the editor
acknowledges with thanks the assistance of Mr. Louis
Jordan, Technical Aide to the Chief, Division 18,
and Executive Secretary, War Metallurgy Com-
mittee; and Mrs, 8. L. Kruegel, Technical Aide of
Division 18 as well as of the War Metallurgy Com-
mittee,

In the editing and compiling of this report, con-
siderable license was taken with the material pre-
pared by those named above in order to make the
report as uniform as possible.

Davio C. MivroNn, Jr.
Editor
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INTRODUCTION

ORGANIZATION OF DIVISION 18

HE PéRSONNEL of the War Metallurgy Divisiont

(Division 18) comprised a chicf, three technicel
aides, and four members. These are listed on page
153 of this report.

Divisiun 18 carried on its functions through tae
War Mctallurgy Committee of the National Acud-
emy of Sciences and National Research Council,
which wae an outgrowth of earlier committees of the
National Academy of Sciences and National Re-
search Council.

The War Metalluygy Committee assumed the con-
tinuing functions of several smaller advisory com-
mittees; namely, the Technolegic Commirtee on
Manganese, which was appointed by the Mational
Academy of Sciences in July 1940 at the request of
the Advisory Commission to the Council for Na-
tional Defense (later succeeded by the Office of Pro-
duction Management which in turn was succeeded
by the War Production Board); the Advisory Com-
mittee on Tin Reclamation, which was appointed
in Septeisber 1940 at the request of the Advisory
Commission; the Advisory Committee on Metais and
Mincrals, which was formed in January 1941 at the
request of the Office of Production Management;
and the Metaslturgical Advisory Committee and the
Welding Advisory Committee, which were formed
as a result of a request of the Office of Scientific Re-
scarch and Development in July 1941,

It soon became apparent that the last two com-
mittees cculd be combined to advantage, since many
of the technical problems involved in the develop-
ment of new weapons involved not only metallur-
gical improvements but also definite advances in
welding techniques and materials, The Metallur-
gical Advisory Committee which began to function
in October 1941 undertook to develep the necessary
welding research programs as well as a metallurgical
rescarch program. In March 1942, the Metallurgical
Advisory Committee was asked by the War Produc-
tion Board to organize and supervise rescarch in the
ficld of production of metals and minerals. In May
1942, it began the organization of a comprehensive
research program financed largely by the War Pro-
duction Board!

In order to operate these various activities cffi-
ciently, in May 1942 the War Metallurgy Commitice
was organized. The relationship between the War
Mctallevgy Committee ana the vavious government
agencies which it served is shown diagrammatically
on page 154,

The committee proper was made up of 30 of the
nation's outstanding scientists, mctallurgists, and
engineers including 26 civilians, 3 Army officers, and
1 Navy officer. The committce laid down broad prin-
ciples and acted as an overall advisory committee.
Although it met in a body only once each yeur,
smaller groups of the members met from time to
time to discuss specific problems in their fields and
many decisions were arrived 2t through balleting by
mail, A listing of the members of the War Metallurgy
Committee is given on page 155.

The administration of the committee was under
a chairman who was responsible for overall opera-
tion-, a vice-chairman who was responsible for ad-
visory reporis and technical surveys, ard an executive
secretary who was responsible for administrative
matters.

The activities of the committee were carried on
by four major divisions, each of which was in charge
of a chairman whose duties were similar to those of
a section chief in the usual NDRC division:

1. The Advisory Division, which prepared reports
for, and at the request of, the War Productior Boara
primarily, but also other government agencies and
the Army and Navy.

2. The Processes Research Division, which was
responsible for the organization and supervision «f
research projects, largely for the War Production
Board, dealing with the development of new or im-
proved processes for the production of metallic or
mineral products and for the conservation and sub-
stitution of materials.

3. The Product: Research Division, which was
responsible for the organization and supervision of
projects dealing with development or application
of new or improved products and fabrication proc-
esses for insirumentalities of warfare. Maost of these
projects were conducted for the National Defensc
Research Committee [NDRCj or the Office of Scien-
tific Research and Development [OSRD].

CONFIDENTIAL !
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2 INTRODUCTION

4. The Research Information Division, which had
charge of the collection and dissemination of classi-
fied or unpublished information in the field of metals
and minerals as a service o the vesearch divisions
and to the contractors under their supervision.

In the work of the Advisory Division, emphieis
was placed on bringing to bear on every question o1
probicm submitted by government agencies the best
salent and all of the scientific and practical ininrma.
tiom available 1o the committee through the large
number of specialists serving on its subcommittess,
The work of the Advisory Division was performed
by the Advisory Committee on Metals and Minerals,
one of the forerunners of ithe War Metallurgy Com-
mittee, This Advisory Committee was comprised of
70 specialisty who were seiected hecause of their abili-
ties, not their positions. "Yhe basis for the selection of
this commiitee, 35 with subsequent conmitiees, was
cxperience, judgment, and leadership in the particu-
far field of activity. The Advisory Committee on
Mewals and Mineraly comprised live groups:

1. Metals conservation and substitution group.

2. Ferrous ninerals and ferro-alloys group.

3. Tin smelting and reclamation group.

1. Nonmetallic mincrals group.

5. Alumina group.

The Advisory Division and its predecessars have
prepared a total of 200 reports wuching on the fickds
of pracdcally all the importast metals end involving
studies of new methods of production, recommenda-
tions for the sabstitution of one metal for another
and of other materials for metals, and suggestions
as to how warce metals conld be conserved. Most of
these seports were prepared at the reguest of the
War Prodluction Board, although some weve pie-
pared at the vequest of variows branches of the
Armed Services, NDRC, the Dedense Flant Gor-
poration, and the National Advisery Comimiztee for
Acronautics [NACA]. Many included confidential
company information which was made available to
ihe committee by industry for the use of the various
governmem agencices in iaking decisions concerning
war production.

In the work of the research divisions, emphasis
was placed on clasc supervisien of cach project by a
competent research director who was provided with
the constant advice of comimittees of experts in the
particulas field concerned. In carrying out the re-
search program, 32 vewearch supervisors were om-
ployed. Each of these supervisors ad charge of one

or more projects in his field aind visited them from
tlime to time to consult with and advise the inves-
tigator 6n his research program. The research super-
visor also coordinaied the work of the velated proj-
ects in his field and consulted with representatives
of the government agencies interested in the work,
The duties of a research supervisor of the War
Metallurgy Committee were similar to those of a
technical aide in the usual NDRC divisional or-
ganization. Each projecr or group of related projects
had a project committee which assisted the super-
visor in outlining his program and establishing tech-
nical policy. These comniittecs consisted of experts in
the particular fieids concerned as well as liaison rep-
resentatives of the govermaent agencies interested in
the problem under study. In this manner, advice
from those experienced in the field as well as from
those who needed the information was avaiiable to
the supervisor and through him to the project inves-
tigator. Meetings of the project committees were held
at frequent intervals to review ihe results of the work
done when phases of the program were compieted
or when recommendations as to the contizuation of
the project or changes in the program were necessary.

Each research supervisor and his project commit-
tees were kept informed of the progress of the work
on each project under his supervision through in-
formai monthly reports and formal progress reports
prepared by the investigator on cach project.

The Office of the Executive Secretary of the War
Mectallurgy Committee not only handled the collec-
tion, duplication, and distribution of reports, but
also served as a Beadguanrters for the committee staff
and vecords, maintained liaison with government
agencies and the Armed Services, and performed
numerous wdministrative functions. Among these
were processing deferments for the contractons” per-
sonnel; obtaining the necessary priorities for the
purchase of rescarch supplies and equipment; ar-
ranging for the security clearances of staff and con-
tractess’ personnel; arranging for clearances for the
staff members and contractors’ personnel 1o visit
goverament laboratories, arsenals, proving yrounds,
etc., as well as other laboratories under government
contracts; and kecping the staff and contvactors ad-
vised of new regulations affecting their activitics.

The Research Tnformation Division collected in-
formation from domestic and allicd government
sources, classified it, and distributed it 1o the various
supervisors and investigatons concerned so that they
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could benefit by the cfforts of cther investigators
working in their fields. This infermation included
aot only that of our government and allied govern-
ment faboratories but also available information
concerning the aciivities of the enemy in the ficld of
metallurgy. The Research Information Division also
maintained a staff of libravians who abstiacted and
indexed the research reports issued so that the infor-
mation was correlated and made more readily usable
by the government agencies, Armed Services, and
their contractors engaged in war production.®?

A roster of the staff of the War Metallurgy Com-
mittee is given on pages 156-157.

SOURCES OF RESEARCH PROBLEMS

The research problems upon which the War Met-
allurgy Committee program was based emanated
from several sources. These are shown diagram-
matically on page 154. Manv projects were under-
taken as the result of recommendations made by
civilian ad hoc committees anpointed by NDRC or
the War Metallurgy Committee. Some projecis were
undertaken because the members or staff of the War
Metallurgy Committee were familiar with problems
of industry; others were studied at the request of the
War Production Board. To avoid overlooking such
problems vital to the war effort, the War Mctallurgy
Committee employed recognized experts to make
surveyvs of the available information in their fields
so that the gaps or research needs could he ascer-
tained and vesearch speedily initiated.

Naturally, these gaps were in widely varied fields,
the only necessary feature of similarity being that
the problems all coacerned snctallurgy or metal-
lurgical engineering in the war effort. In rare cascs,
projects were undertaken that, on the basis of avail-
able information, had but a slight chance of success.
"This was because the possibilities had not been ex-
hausted and even a slight chance of success was worth
taking. These were, in the main, unsuccessiul and
were terminated as soon as convincing evidence had
been accnmulated that, with present-day kncwledge
and facilitics, hope of securing information in time
for application in World War I) was still vanishingly
small, Many of the projects w:re on topics already
unaer investigation by the Arwed Services or already
in the minds of their represeriatives as deserving of
study when opportunity and funds permitted. When
the Armed Services were unable to continue their

work, a program was planned cither to carry it on
from whatevey point the Services had veached or to
dovetail it into their continuing work. These studies
were requested of NDRC through the War Depart-
ment Liaison Officer for NDRC, Headquarters, Army
Service Forces, or the Joordinator of Research and
Development (later the Office of Research and In-
vention) of the Exccutive Office of the Secretary of
the MNavy. A listing of the Army and Navy projects
assigned to Division 18 with the Divisior: 18 projects
pertaining to cach is given in Appendix E.

Almost all the projects established on problems
relating to instrumentalities of war and originating
outside of the Armed Services were subsequently
adopted by the interested branches of the Services
and appropriate liaison established so that they
coiild be conducted with maximum benefit 1o the
Services.

ESTABLISHMENT OF RESEARCH
PROJECTS

After appraisal of a problem, a research program
was formulated, and a contractor selected whose
facilities, personnel, and experience might best be
utilized to attack the problem and to conduct the
program speedily and efficiently. Proposals for the
financing of these projects were veviewed and ap-
proved by the merabers of Division 18 prior to
presentation to NDRC. As the War Metallurgy Com-
mittee also supervised rescarch on production, con-
servation and substitution, and process metallorgy
problems for the War Production Board, proposals
for financing research on such problems were sub-
mitted to the Office of Production Rescarch and 12e-
velopment [OPRD] of the WPH. (See page 154.)

The types of projects established included research
projects, correlation projects, and survey projects.
The research projects involved laboratovy investiga-
tions and were financed by OSRD) or OPRD under
contracts between those agencies and the research
laboratorics. Correlation projects were investigations
which were financed by industrial concerns but car-
ried out under the general supervision of the War
Metaliurgy Commuttee, the results of the investiga-
tions being submitied Ly the War Mctallurgy Com-
mittec to NDRC and distributed 10 the Arm-d
Services and their contractors in the form of NDRC
reports. Survey projects were field investigations car-
ricd out by cngincers or committees desigrnated by
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4 INTRODUCTION

the War Mcetatlurgy Commitiee to collect and cor-
reliate the available information on a given sabject
so that the research needs could be determined. In
many cases the information made available by indus-
try was sufficient for government purposes and obvi-
ated the necessity for establishing research projects.

All contructual and fiscal relationships with the
OSRD contractors under the jurisdiction of Division
18 were the responsibility of and were conducted by
the Division staff even though wechnical supervision
and administrative dutics weie cnvied cae by the
War Metallurgy Commiuee.

THE RESEARCH PROGRAM
OF DIVISION 18

The reseavch program of Division 18 included the
stutly of metallurgical problems involved in the pro-
duction of materials and instrumentalities of war.
The specific obicctives of the work were to improve
the qualities and properties of metals and alloys
used inwilitary vehicles, equipment, weapons, and
ammunition; to improve the methods of producing
and fabricating such metals and products; and to
increase the praduction of such  mitisary produocts
by the development of substitute materials having
acceptable propertics, Unlike most of the other
NDRC divisions, Division 18 was never concerned
with the development of a specific military device
or of a finished prodisct. The Division 18 work itsclf
comprised fundamental vesearch complemented by
applicd research designed o vediee the tecanical
findings to the practical production of military goods
by inddustry.

The technical program of Division 18 as carried
out under the supervision of the War Metallurgy
Committee embraced 91 contract vesearch projecss,
1 correlation projects inanced by industry, and 21
survey projects, or a wotal of 123 investigations on a
wice variety of subjecis. A listing of the Division 18

contract and correlztion projects is given on pages
162-165. "This listing also gives the contractual
information for cach contract, the pame, address,
amdl technical representative of cach contractor, and
the title of each project. A listing of the War Metal-
lurgy Committee survey projects carried out for
NDRC is given on page 166.

For convenience, the Division 18 progeam has been
subdivided by materials or processes in this sum-
mary technical report in the same manner as in the
semiannual Division 18 memoranda reports to the
Office of the Chairman, NDRC. These broad sub-
divisions, which are aiso chapters of this report, are
s follows:

Chapter 1. Aireraft Materials.

Chapter 2. Armor.

Chapter 3. Guns and Gun Steels.

Chapter 4. Ammunition.

Chapter 5. Metals for High-T _mperature Service.
Chapter 6. Welding.

Chapter 7. Foundry Materials and Processes.
Chapter 8. Enemy Matéricl.

Chapter 9. Miscellancous Materials for War.

The attention of the reader is called to a compre-
hensive index® of ail the 661 Division 18 reports.
As stated before, the War Metallurgy Committee
also supervised research on production, conservation
and substitution, and process metallurgy problems
for the Office of Production Rescarch and Deselop-
ment. 'These projects are not discussed in this report,
but, in many instances, particularly in investigations
oy aircraft materials and welding, tiie CPRD work
complements that of NDRC. An index? of the 163
research reports and 200 advisory reports submitted
by the War Metallurgy Committee to OPRD is given
in the bibliography and will assist in giving the
rcader a better understanding of the overall picture
of the metallurgical rescarch carried out by NDRC
and OPRD during World War 1L
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SUMMARY

AcH OF THE nine parts of the Division 18 rescarch
E program consisted of a group of related projects
concerned with metallurgical problems pertinent to
the production of materials for instrumentalities of
war. The program comprised fundamental rescarch
complemented by applied research to reduce the
technical findings to the practical production of war
matériel by industry. The specific objectives of the
work were to impiove the qualities and propertics of
metals used in military products, to improve the
methods of producing and fabricating suck metals
and products, and to increase the production of such
military products by the development of substitute
materials having acceptable propertics. A brief
résumé of the accomplishments of each of the rine
parts of the Division 18 research program is given
in the following summary, and more detailed treat-
ment is given in the body of this report.

AIRCRAFT MATERIALS

This part of the research program was concerned
primarily with the study of the light alloys, alumi-
num and magnesium. The mass production of air-
craft undertaken for the first time carly in the war
efforc introduced a host of new problems. The transi-
tion from hand forming and cut-and-try methods of
¢ called for the im-

fabrication to production
mediate collection and dissemination of a mass of
fandamental data on the forming properties of the
aluminum alloys. An extensive survey of industrial
fabrication operations was undertaken, and a cor-
related digest of the information was distributed
widely through the aircraft industry by the Produc-
tion Aids Unit, Burzau of Acronautics, Navy De-
partment, Based on this survey, three rescarch proj-
ects were cstablished to secure needed additional
information on the forming characteristics of alumi-
num alloys. These projects were extended later to
study the properties and forming characteristics of
the stronger aluminum alloys which became avaii-
able during the war.

Surveys to collect and disseminate information on
the effects of impurities in aluminum alloys, on the
fatigue and impact characteristics of the heat-treated
alloys, and on the high-temperature properties of

CONFIDENTIAL

poth magnesiam and aluminum alloys were conduc-
ted. A preliminary stndy of the possibilities of cast-
ing or forging high beryllium-aluminum alloys for
possible use in lightweight engine parts indicated
great commercial difficulties and consequently was
not carried to completicn.

Early in the war, there was considerable doubt
that sufficient supplics of aluminum could be devel-
oped in time to satisfy the leaping requirements of
the aircrafe production program. New and greatly
increased production facilities for magnesium were
authorized and ample supplies of this virtually new
metal seemed assured. It appeared necessary to secure

as rapidly as possible the engineering data which

would permit the aircraft designers to evaluate or to
use magnesium alloys in the construction of air-
[rames. Five research projects were estaklished, Two
of these were planned to study the mechanical prop-
erties and the fatigue characteristics of the then
available magnesium alloys. 'Fwo were concerned
with studies of forming characteristics and another
with the stress-corrasion of magnesium alloy sheet.
Alloys with a high level of property values were not
developed, but new techniques in casting and heat
treatment resulted in increasing matevially the re
sistance to stress-corrosion of cortain of the commer-
cial alloys. Work on the development of new mag-
nesium alloys is being continued both by the Burcau
of Aeronautics, Navy Department, and the Army
Air Forces,

Rescarch on the development of carbon steel air-
craft control cables, with adequate corrosion re-
sistance, to replace stainless steel cables resulted in
cable with improved performance characteristics and
provided data for use in the revision of specifications
covering aircraft control cables. A project on
mechanical surface treatment made possible a sub-
stantial improvement in performance of a number
of engine and ordnance parts. In many instances,
this treatment, shot peening, obviated the necessity
for redesigning parts which had been put into pro-
duction but were suffering premature failures in
service,

In order to assist in the standardization of test
methods used i the procurement of aircraft mate-
rials, a comprehensive survey was made of the test
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methods of the Materials Laboratory, Air Technicai
Service Command [ATSC), Wright Field. Another
survey was curied out un the fatigue of airaraft
stractures and materials <o that the research needs
i the field could be ascertained.

ARMOR

Ten projects on the metalluvgy of armor and wmor
steels were conducted, The principal project was
a broad study of the fundamental metaliwigical prob-
lems encountered in the production and heat treat-
ment of armor plate. Starting with preblems of con-
servation and substitution brought about by the
critical shortages in #lleying elements ar the begin-
ning of Waorld War I, the work included studies of
the effect of gas in armor steel, the correlation of
metallographic structure and hardness of armor
plate, the improvement of the ballistic properties of
low-alloy armor plate, the effects of various elements
on the quench-cracking susceptibility of cast armor,
and the development of methads for the production
ot face-havdened armor plate,

Supplementary projects were condacted to make
more detailed investigations of the more important
problems, notably the use of horon as a hardening
clement, the use of flame hardening, and the develop-
ment of nonalloy armor plate.

Other investigations were concerned with the de-
velopment of a nonballistic test and a direct explo-
sion test for armor quality. The nonballistic test was
capable of predicting failure by spalling but was not
relisble for predicting cracking. The direct explo-
sion test showed considerable promise for use as a
screening test prior to ballistic testing and as a
method of climinating much of the human equation
in evaiuating ballistic results.

These projects were conducted with the close
ceoperation of Watertown Arsenal and the subcom.
mittees on Cast and Rolled Avmor, Ferrous Metal-
Iurgical Advisory Board, Army Ordinance Depart-
ment. ‘They resulted in improvements in practice for
cast armor, improvements in face-hardened armer,
and a better understanding of the role of compaosi-
tion, gas content, and microstructure on the hallistic
properties of armor plate.

Another project of iniceest o the Bureau of Ord.
nance, Navy Department, and the Army Asr Force
wits an investigation of nonmagnetic or magnetically
stable armor plate for zivaraft. This included deter-

mination of the ballistic properties of a number of
nonmagnetic steel compositions made with various
heat treatments.

GUNS AND GUN STEELS

Eight coordinated projects refating to gun tubes
and gun steels were conducted in close cooperation
with Watertown Arsenal, Watervliet Arsenal, and
the Research Group of the Subcommittee on Gua
Forgings, Ferrous Metallurgical Advisorv Board,
Army Ordnance Department.

In this program, two projects were concerned with
the quality of steel used in the manufacture of
wrought gun tubes. Both laboratory and statistical
studies were made, and as a result of these studies
data were supplied for the revision of the specifica-
tions for wrought gun tubes, making it possible to
sccure adequate quality of gun steel as well as the
finished gun. Testing procedures were alsa simplified,
thus making substantial savings in timc and moncy
with an overail increase in the number of satisfactory
guns produced. Under a project on the improvement
of gun steel ingot practice, a study was made of the
relation between ingot practice and bove defects
and of the effects of bore defects on the perforniaiice
of 40-mm and 73-mm scamless gun tubes. A classifica-
tion of bore defects based on these studies was pre-
pared to assist in the inspection of gun tubes. Under
a project on the prevention of cracking in gun tubes,
a test for cracking susceptibility was developed, the
causes of quench cracking were determined, anc
remedies were outlined for reducing quench-crack
losses. Certain of these projects are being continued
under contract with the Ordnance Department.

A project on the control of basic open-hearth melt.
ing practice for the manufactrre of wrought gun
tubes correlated the numerous manufacturing vari-
ables with the qaality and physical properties of
gun tubes, Two ather projects on the processing of
wrought gea tubes dealt with the heat treasmernt
of gun steels. One of thes: projects developed a
test tyethod for deterrz’ ¢ the corvect tempering
temperatures fn fuils sk and tempered gun
tubes. This method v o manufacturers of
gun tubes and resub -+ development of im-
provad heat teanring pre oo matenially decreasing
rejections with a correspoining increase in iinished
gun tohes.

At the dose of World War 11 a project was under
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way to develop new gun steels with greatly improved
vroperties for usc in connection with new designs de-
veloped by the Army Ordnance Department.

AMMUNITION

At the request of the Office of the Chicf of Ord-
nance, investigations were carried out on materials
for three components of ammunition: armor-piercing
shot, cartvidge cases, and driving bands.

The project on armor-piercing shot was concerned
with studic. of nonalloy steels treated with special
addition agents and resulted in the development of
armor-picrcing shot with superior ballistic proper-
ties.

Three investigations relating to the stress-corre-
sion cracking of cartridge brass were conducted with
the close cooperation of Frankford Arsenal where
work of a similar nature was being carried on. One
project was concernea with the prevention of stress-
corrosion by surface protection or treatment and re-
sulted in the development of new protective coat-
ings, one of which demonstrated the cfficacy of thin
electroplated zinc coatings and the electrochen.ical
protection afforded to scratched areas. Under a proj-
ect relating to the detection and climination of
internal stresses contributing to stress-corrosion,
methods of measuring the stresses introduced in the
cartridge case manufacturing processes by X rays
were developed and applied to Jots of sumple cases
from Frankford Arsenal to permit better production
control. A study of the effect of volume changes
associated with phase changes in cartridge brass re-
vealed that the effect was negligible and that proper
anncaling eliminated the laminated structure caused
by the presence of the zincrich phase.

METALS FOR HIGH-TEMPERATURE
SERVICE

Work in this field was instituted at the request of
the Navy Department to develop new alloys and to
establish design data for the commercial alioys avail-
able for high-temperature service in the gas turbine
used for ship propulsion. In order to expedite the
investigation, the facilities of 12 laboratories were
utilized. Early in the investigation, it was recognized
that the results were ¢qually applicable to the high-
temperature service encountered in the operation of
turbosuperchargers and jet propulsion engines for

aircraft. The work therefore, was closely correlated
with the related research programs of the National
Advisory Committee for Aeronautics, the U. S. Naval
Engineering Experiment Station, the alloy pro-
ducers, and the manufacturers of the cquipment
being supplied to the Armed Services. Thus, all types
of test data were obtained over a temperature range
from 1200 to 2000 F.

Early in 1942, the Armed Services requested an
alloy that would give satisfactory servi ~ at a
temperature of 1500 F and at a stress of 7,000 psi. Six
heat-resisting alloys of promise for gas turbine and
turbosupercharger service were then available, but
none possessed the desired properties at  high
tempcratures, At the termination of the work, nearly
one hundred alloys had been tested, and ten or more
had been shown to possess properties at 1500 F equal
to or considerably better than the original goal of
the project. Several of the forged and cast alloys in-
vestigated were shown to have as good properties at
1600 F as those originally desired at 1500 F.

Concurrent with the determination of design data
at high temperatures for the available alloys and
those of similar base compozitions developed during
the project, two of the laboratories were engaged in
studies of the properties of new alloy systems. Limited
tests on these new experimental alloys at 1600 F
indicate these alloys to be superior in properties to
presently available commercial alloys and of great
future promise, but additional research work is need-
ed to determine satisfactorily their properties and
to develop suitable methods for commercial pro-
duction.

In addition to the foregoing investigations, a proj-
ect on metal and ceramic materials for jet propul-
sion devices was carried out in cooperation with the
Armed Services, their contractors, and other NDRC
div.sions. Under this project, assistance was given
on the development of materials of construction for
both solid-fuel and liquid-fuel rocket motors.

The rescarch work on developing engineering
data on heat-resisting alloys and the welding of these
alloys is being continued under the sponsorship of
the Office of Rescarch and Invention, Navy Depart-
ment. A comprehensive fundamental investigation
of heat-resisting alioys and cevamic materials has also
been sponsored by this agency. This work is closely
correlated with the engincering studies now in prog-
ress.
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WELDING

The welding vescarch program comprised 29 lab-
aratory projects, 1 of which were concerned with
the welding of ordprance and aireraflt materials, and
15 with ship welding and welded steel ships.

A Jarge part of the programs of two of the prin-
cipal projects on the welding or ordnance material
dealt with the development of methods for welding
low-altoy homogencous armor and the development
of a welding electrode which was substituted satis-
factorily for the high nickel-chvomium alloy com-
monly used for welding of armor. This development
provided not only a mean. for saving large amounts
of nickel and chromium but also an clectrode which
produced welds with ballistic properties comparing
favorably with those made with the high nickel-
chromivm types. Details of the properties and per-
formance characteristics of this elecirade were
worked out so that Army Ordance Deparunent
specifications could be written. In the later stages of
World War I, work was done also leading to the ap-
plication of this type of electrade to the repair weld-
ing of cast armor. Also studied at the request of the
Army Ordnanee Department was the low-tempera-
ture ballistic performance of welded armor plate in
connection with the Canadian Cold Test Program,

Fundamental studies of electrode coatings and the
cases of weld metal porosity and underbead crack-
ing were begun, but not completed. Uander this proj-
cct, however, an clectrode was developed for the
welding of high-strength structuras steel such as
is used in the fabrication of mabile gun miounts and
other ordnance material.

A direct explosion test was developed which holds
promise for the casy and cconomic evaluation of
welded armor and of prime plate. Other projects
carried out dealt with the development of a ceramic
backup strip, the effect of oxygen cutting on the
weldability of armor plate, residual stresses in weld-
ments and their relief, wnd the welding of face-
hardened armor,

Five projects concerned with investigating  the
weldability of allov steels provided procedures and
data of considerable value to industiy in the im-
proverent of welding techaiques.

Spot welding and flash welding protesses were in-
vestigated 1o provide information on which wider
application of these fabricating methods could be
based. Nondestructive testing meinads for welds

made by these methods were investigated also under
two projects. An interpretation of radiographs of
spot welds which was developed under one of these
investigations was adopted by the Bureau of Aero-
nautics, Navy Department, in a specification,

The research program to investigate the causes of
failures of welded ship structures and to develop
remedial measures was sponsorzd by the Coast
Guard, the Maritime Commission, and the Navy
Departnent, 1t was still in progress at the close of
the war and is being continued under direct Bureau
of Ships contracts, Studies completed, however, com-
prised investigations of welding stresses in laboya-
tory scale specimens as well as the measurement of
those in actual ship structures during fabrication and
during voyages. T'wo investigations were completed
also on the cffect of combined loads on the behavior
of ship steel. Continuing projects include studies
of the weldability and metallurgica?  rality of steels
for hull construction, the effect of no.ches and struc-
tural discontinuities on the behavior of ship steel, a
correlation of laboratory tests with full-scale ship
plate fracture tests, and the fatigue of ship welds.

FOUNDRY MATERIALS AND PROCESSES

In ovder to assist in alleviating overloaded facili-
ties for the manufacture of cast steel products and to
make availuble a pertion of the large productive
capacity of the malleable iron industry, an investi-
gation of the properties, particularly the low-tem-
perature properties, of malleable iron for use in
ordnance matériel was carried out at the request of
the Office of the Chief of Ordnance. The results of
this investigation provided data upon which the
substitution of malleable iron for cast steel could
be based.

As in the case of malleable iron, it was believed
that steel castings might to some extent veplace forg-
ings and thus relieve the pressure on forging facili-
ties. ‘Therefore, a vesearch program on the cenirif-
ugal casting method was carried out. "This program
comprised a survey of the possibilities of the. method
and the research neads, preparation of a bibliography
on centrifugal casting, study of the heat fluw in
metal molds, study of mathematics underlying the
process, and experimental work to develop and ex-
tend the process to the production of ondnance
matériel. The methods proved successful for the
experimental production of trench mortar barrels,
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recoil cylinders, and other applications, and were
applied in produciion.

Precision casting methods were investigated also
to ease the demand on forging and machining facili-
ties. As a vesult of this work, the process was adopted
by Watervliet Arsenal, the Naval Research Labora-
tory, the Winchester Arms Company, and others,
for the production of war matériel such as iztricate
parts for artillery and small arms mechanisms, and
for other applications which required an extensive
amount of hand work in theix.production,

At the request of Watertown Arsenal, two refrac-
tory prohlems were solved. ‘They involved the de-
velopment of a substitute for sillimanite in pouring
rings and the development of an acceptance test for
pouring bex relractories,

EXAMINATION OF ENEMY MATERIEL

Captured enemy matériei was examined in order
to determine significant changes in the composition
of materials which might indicate impending short-
ages in cnemy supplies and in order to advise the
Armed Services, the Foreign Economic Administra-
tion, the investigators on the various Division 18
vesearch projects, and industry of enemy develop-
ments thar appeared to offer improvements or alter-
natives in our production or military products.

This project supplemented the work of the Armed
Services and was conducted in close cooperation with
the Army Grdnasnce Department Collection Center
at Aberdeen Proving Ground, the Naval Technical
Air Intelligence Center at Anacostia, and the Air
Technical Service Command at Wright Field. In
the 215 topical reports issued, 794 individual samples
or shipments of diverse nature were covered, ranging
from aircraft engines to machine guns.

‘This projeci brought to the Armed Services the
nation’s specialists o materials and their produc-
tion and made available many of the nation's indus-
trial laboratories for special advice and service.

MISCELE ANEQUS MATERIALS
FOR WAR

Under this classification are grouped a number
of investigations relating to studics of materials used

for miscellareous instrumentalities of warfare not
included in the above-mentioned groups.

At the request of the Office ot the Ouartermaster
General, several investigations wee undertaken.
These comprised the development of noncritical
tused inorgasiic coatings for steel canteens and cook-
ing utensils, the dev clopment of plated steel flatware
for military use, a study of the proper materials for
use in a variety of products requivec by the Quarter-
master Corps, investigation of methods of camouflag-
ing mess gear, and the evaluation of the corrosion-
resiiting properties of an alloy that had been sug-
gested for quartermaster’s items.

‘The properties of a number of miscellancous
materials were also investigated, These projects in-
cluded a compilation of the low-temperature proper-
ties of metals, the behavior of metals under rapid
rates of strain, and the effects of impuritics on the
ferromagnetism of nonferrous alloys used in instu-
inents.

Although most of the problems involving the con-
servation, substitation, or processing of various ma-
terials were sponsored by WPB, several NDRC re-
search ana survey projects in this field were con-
ducted at the request of the Armed Services. The
survey projects cemprised a comprehensive stady of
the industrial applications of chromium plating to
provide 2 basis for rescarch on the use of chromium
plating in war matériel, an appraisal of a proposed
investigation on ivets and rivet steels, a study of the
use of rare metals in ciectrical contacts and the pos-
sibility of making substitutions of less critical metals,
and a study of methods of rechiiming lead-bearing
copper-alloy scrap for re-use. The vesearch investi-
gations vclating to conservation and substitution and
processing comprised an investigation to develop
heat treavments for the National Emergency steels so
that these steels could be utilized fully in ordnance
maiéricl, a study of the hardenability of cast alloy
steels which provided data of wide applicability in
the utilization of alloy steels to attzin high suength
and toughness, and an investigation of the accept-
ance tests for plain carbon steel forgings in an at-
tempt to provide information of value in the prep-
aratien of specifications for ordnance forgings.
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14 INTRODUCTION

HE GREATER part of the NDRC work on aircraft
Tmatcriuls was concerned with studies of the use
of aluminum and magnesium alloys, principally in
sheet form. When the aircraft production program
was anncunced carly in 1942, it was obvious that,
in order to securc the most efective use of the then
commercially available materials, it would be neces-
sary to securc fundamental information on their
properties both in service and during processing.
Tie program of this part of the work of Division
18 was orgarized to secure this infermation as
quickly as possible. At the same time, projects were
cestablished to investigate the use of the beryllium.
aluminum alloys for aircraft engine parts, the use
of substitute materials for aircraft control cables,
and the use of mechanical means for the improve-
ment of the properties of aircraft materials by sur-
face pretreatments. ‘The results of this latter proj-
ect, as the successful use of the surface pretreatment
was demonstrated, was applied widely by both the
Army and Navy and by their suppliers for many
ordnance and naval applications other than air-
craft. All this work was coordinated with the work
of the National Advisory Committee for Acro-
nautics and the Officc of Production Research and
Development of the War Production Board which
were supporting  extensive research programs in
the ficld of light alloys.

1.2 ALUMINUM ALLOYS

(kX Preliminary Surveys

Before planning = detailed 2xperimental attack on
a suggested problem, a preliminary survey usually
was made by the War Metallurgy Commiittee, not
only of the Jiterature but also of unpublished infor-
mation which nonnally would not have been avail-
able but which, in the spirit of cooperation engen-
dered by the war emergency, was frecly supplied by
industry. Such compilations of available datz on
aluminum alloys included Survev Project SP-17

»SP numbers and NRC numbers refer to the Division 18

raject numbers. Listings of the titles of these with contractual
nformation arc presented in Appendix G and Appendix F,

respectively.

(NA-119)," The Effect of Impurities in Aluminum
Alloys,* SP-18, Fatigue and Impact Character-
istics and Notch Effect in Tension of Artificially-
Aged Aluminum  Alloys;® and SP-15 (NA-137),
High-Temperature Properties of Light Alloys."?
The problems involved in the use of aluminum
and magnesium alloys at clevated temperatures be-
came morce pressing late in World War 11, and ex-
perimental work on them was taken up under
NACA and the Army Air Forces’ sponsorship as
NDRC was in the process of bringing its research
program to a close.

22 FORMING OF ALUMINUM
ALLOY SHEET

The aircralft industry forms a vast variety of
structurai paiis out of strong aluminum alloy sheet
using a great variety of forming processes, tools,
dies, and me*bds. These processes for forming
aluminum ¢y theet vary from simple stretching,
simple bending etc., to highly complex ones in
which the metai has o undergo plastic deformation
in many directions, is thinned down in somc places,
thickened in others, and subjected to various
stresses in the operations. These processes have
often been empirically worked out for commer-
cial material in a condition of high plasticity,
greater strength being later given to the formed
part by suitable heau treatment,

However, still stronger parts can be made by
forming cold-rolled shect or preheat-treated sheet.
Moreover, several stronger alloys, cach with dif-
ferent cold rolling and heat treating characteristics,
have become availatle recently. and no one knows
when still further strides will be made along the
path of providing stiil stronger alloys. As fast as the
stronger alloys become available and enough is
known about their uniformity and reliakility to
justify their use, the aircraft designer wants to
specify their use. The production engincer then
must form them and is confronted with the fact
that the stronger alloys are, as a rule, less ductile
than those he has been forming heretofure. He then
" b Numbers in parentheses refer to the Armed Service control

numbers. The Armal Scrvice titles of these as well as the
Division 18 projects pertaining to cach are listed in Apper 'ix E.

CONFIDENTIAL 1

e —

S U SR ——



-

I e

DB

12 AIRCRAFT

MATERIALS

cut whether his previous  processes,
methods, toul  dies, ete., will serve or whether they
must be modificd. He may find that some odd
shaped part wanted by the designer cannot be made
at all from the new alloy, in which case there must
be time out for redesign. When a new part is made
in the shop, dies are made for it. If the new alloy
breaks instead of forming properly, or springs back
more or less than was anticipated, the dics have to

has o find

be remade.

Predetermination of the suitability of a given
alloy or a given lot of an alloy for plastic forning,
or of the applicability of a given process and tech-
nigue for forming a new part from a known alloy
would be a godsend.

SeeveEy 0f AVAHABLE INFORMATION ON
FABRICATING ALUMINUM ALLOYS

i) S o P 4
she information avail-

To collect and correlate s
able on the forming of aluminwmn alloys, Project
NRC-43  (NA-126), Correlation of Information
Available on the Fabrication of Aluminum Alloys,
was cstablished at the Case School of Applied
Science in January 1943, An exhaustive survey of
plant practice showed many gaps in the fundamen-
tal knowledge necessary for the effective ase of
these afloys. Thercfore, at a later date, the project
was extended 0 jreviniv invesiigation of the more
important forming operations in the laboratory.

The initial objective of this project was to as-
semble and to correlate all the available informa-
tion concerning the materials and methods used in
typical and critically forming parts so that the
"know-how” could be made more readily available
to parts producers, particularly the subv-contractors
who were new to this work.

A group of ficld engineers gathered all the specific
information in the aircraft plants on materials used,
sach step of [abrication, kinds of dies, machines,
lubricauts, speeds, treatments, rejections, cte. This
information was then broken down and correlated.

A system of classification, which was primarily
dependent on the geometry of the finished part,
was cvolved. However, many parts of essendally
the same geometry may be made in several ways on
different equipment. Also, parts which at first ap-
near to be essentially alike may prove to be sul-
ficiently different in detail to cause them to have
classifications  and  different  fabrication

separate
The classification consists of the follow-

micthods,
ing parts:

I Singly curved parts.

I Curved channels.

[11 Contoured flanged parts.

IV Double curvature smoothly contoured parts.
V Deep recessed parts.

VI Shallow recessed parts.

VII Minor forming features.

VIII Tubing,.

Over 100 types of parts were covered in detail,
and the correlations show that several noteworthy
conclusioiis can be drawn concerning:

t. Preferred forming method for cach type of

part.

2. Preferential use of one- or two-step forming.

3. Comparison of different methods on similar

parts.

4. Preferred material for particular types of parts.

5. Maximum strains during forming.

6. Some cngineering analysis of several forming

opcravions.

Because of the naturce of this phase of the work,
essentially a survey to find and report facts, it is not
feasible to attempt a summary of the results other
than to state that the volumes of reports provide a
veritable library of forming information and have
proved useful to both the engincering and the shop
personnel. The following titles of these reports in-
dicate their scope:

Section 1, Classification and Analysis of the Form-
ing of Various Parts, Volumes I* and 11.°

Section I, Examples of Fabricating Individual
FParts, Volumes 1'? and 1.1

Section I1I, Summary, Contents, and Index of
Sections I and 11}

To supplement its series of publications on pro-
duction methods, the Production Aids Unit of the
Burcau of Acronautics, Navy Department, repub-
lished these reports for wide distribution to aircraft
fabricators,

PROVERTIES OF NEW ALUMINUM ALLOYS

The initial results of the work emphasized also
the need for information on the forming limits,
propertics, cte. Conscquently the second phase of
work was, at the requese of the aircraft industry,
centered on the new high-strength alloys. The ac
cumvlated data are given in Section IV of the series
of reports on the project which cover 245-T38 sheet,'?
24818 extrusions,”™ R-301 sheet,' XA75S sheet, '
andd 758 sheet.! Specific information is grouped
under several headings for cach alloy, these includ-
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ing (1) Mechanical Properties—Metallurgical Rela-
tions, (2) Mechanical Properties—Design Data, (3)
Physical and Chemical Properties, (4) Production—
Forming, (5) Production--Other than Forming, (6)
Corrosion and Surface Treatment, and (7) Bibli-
ography and Additional Pertinent Information.

‘This survey of properties of new aluminum al-
loys relates to alloys of higher static yicld strength
and lower ductility than those in past use and still
in large current use. Therefore, the corrosion, stress-
corrosion, fatiguce, notched fatigue, and corrosion
fatigue behaviors are discussed wheie the data were
available. Since the strong alloys can be, and almost
universally are, clad with a corrosion-preventing
layer of pure, or nearly pure, aluminum, major
corrosion troubles appear to be preventable.

The fatigue, and especiaiiy the notched fatiguc,
behaviors are insufficiently known. There is evi-
dence that in some of the new alloys fatigue resis-
tance is not beiter than that of the alloys wed
previously, although static strength is materially
increased. This means that the service of aircraft
parts needs te be examined to see whether a de-
sign aimed to utilize the improved static strength
neglects the possibility that fatigue failure will
occur. If so, design should be on a fatigue basis,
ana the apparent virtues of some of the “strong”
alloys might prove an illusion. Extensive fatigue
and notched fatiguc testing to establish which of
the alloys afford the best compromise between static
and fatigue strengths is in order, as is the refine-
ment of design to avoid stress concentrations, the
absence of which is not particularly material from
the static point of view but very important from the
fatigue point of view. In this way the use of the stat-
ically strong alloys without overtaxing their limited
ability to resist fatigue can be further developed.

The series of reports on properties of new alu-
minum alloys serves as a detailed handbook for
cngineers and shopmen, collecting the known in-
formation pertinent te the application and use of
these ailoys for aircraft siructural components. Be-
cause of the nature and magnitude of this work,
it serves as a ready cross reference for cither the
comparison of materials or the sclection of a suit-
able material for a particular application.

FORMABILITY INVESTIGATIONS AND DEVELOPMENT OF
TEsT METHODS

The third phase of this project was concerned
with laboratory studics of the actual formability of

several aluminum alloys used in aircralt construc-
tion. This involves fundamental considerations of
the plastic flow of these materials under widely
varying stressstrain conditions, particularly with
respect to the more complex stresses, and  with
strain gradients,

Beginning with the study of simple bends and
the allied operations of stretching, both of which
subject a uniform and symmetrical metal section to
a combined tensile load and bending moment act-
ing in the plane of symmetry of the cross section,
the first step in the procedure is the accurate analy-
sis of the stress conditions existing throughout a
given operation and the correlation of this with the
strains attained. Thus, when the exact conditions
are formulated mathematically and checked practi-
cally on special equipment, the results should pro-
vide a basic engincering tool enabling the predic-
tion of formability.

In the initial experimental phase of the work,
preliminary tests and some theoretical analyses of
the various factors of the problem revealed that
the relations between the external forces and gross
movements on onc hand and the internal stresses
and strains on the other were extremely complex
and that there were numerous factors exeriing a
definite influence on the maximum stretch of the
tension fiber at the forming limit. For example, it
is generally recognized that a sirip or bulky section
of the aluminum alloy 245-0 can be bent to a very
small radius, with a local stretch of the order of
100 per cent, while on a thin-walled sheet section,
such as an angle with the outer leg in tension, the
web or the flange will fail when a stretch exceeding
20 to 30 per cent is attempted. The numerous vari-
ables were studied and attempts were made to out-
line a series of tests in which only one or two vari-
ables would be involved in order to determine the
relative importance of cach. The problem of thus
limiting the variables “taxed ihe ingenuity of the
investigators to the limit. They found it rather in-
triguing that visualizing the fundamental relations
of an apparently simple group of forming opera-
tions clearly exceeded their capacity,”10

The reports covering the experimental phase of
this project, Seciion V, are as follows:

Part 1, Genrial Introduction.ié

Part 11, Effects of Non-Unifcrm Stresses and
Strains.'®

Part 111, Stretch Forming of Angles with the
Quter Leg In Tension 7
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Part 1V, Fundamentals of Pure Bending of an
Fdeal Plastic Metal under Conditions of Plane
Stregs,

Part V, Simple Bending of Rectangular Shapes
by Means of Dies'®

Part VI, Stretching of Rectangular Bars.*"

Part VII, Experimental Strain Analysis of Bent
Rectangular Shape 1.2

PPart VIII, Combined Bending and Tension of
Rectangular Bars.®:

Part IX, Bending of T-Sections.®

The results of this comprehensive investigation
were useful in the engineering and production of
aircraft parts, While such information apparently
is of primary significance to the engineer and de-
signer, it has two very practical potentialities in
the shop: (1) to predict formability limits of the
given material, and (2) to apply this toward the
engincering of forming dies. ‘These objectives, how-
ever, were not attained, since a simple method or
methods for evaluating formability in the shop
were nat yet developed when the preject was ter-
minated in September 1945 because of the demobil-
ization of NDRC.

Related projects carried out under War Metal-
lurgy Committee supervision, but classed as process
projects and hence under WPB rather than NDRC
auspices, were NRC-547, Hot Forming of Aluminum
Alloy Parts, and NRC-548, Forming Properties of
Aluminum  Alloy Sheet at  Elevated Tempera.
tures.® Since the stronger aluminum alloys are less
amenable to cold forming than the weaker oncs,
and, since operating at somewhat cievated temper-
ature greatly facilitates the forming of magnesium
(sce Scction 1.8.5), it was logica! to examine the
responise of the strong aluminum alleys to <levated-
temperature forming. They were found to respond
excellently, Indeed, at 460 to 450 F, the strong 755
aluminum alloy forms as readily as does soft 24S-0
at room temperature. Many of the techniques de-
veloped for magnesium alloys discussed later in this
report should be appdicable to the forming of alu.
minum alloys. Hot forming of the strong aluminum
allovs is being utilized in commercial shop practice.

Suppicmentary to the work on the forming of
aluminum alloys, Projects NRC-51 (NA-149) and
NRC-52 (NA-150), Plastic Flow of Aluminum Air-
craft Sheets under Combined Loads, were estab-
lished at Carnegic Institute of Technology and
Penusylvania State College to secure information
on certain limiting properties of these materials.

Predetermination of ability for plastic forming
Is no casy matter, as is evidenced by experience in
attempting to cvaluate the decp-drawing steels.
However, it does scem possible to acquire enough
'derstanding of the fundamentals of plastic de-
formation a2nd of forming processes to decrease ap-
preciably the amount of cut and uy necessary,
even though considerable must remamn.

The first approximation to a criterion of ability
for plastic forming, and the one on which the
engineer has to rely in the absence of better infor-
mation, is the clongaiion determined by the ordi-
nary tension test, However, some alloys, quite
ductile by this criterion, will not stand much plastic
deformation of certain types, while other less duc
tile ones will stand an astonishing amount,

In most types of plastic forming, the metal is
under biaxial stress, not uniaxial as in the tension
test. Biaxial stress can be produced by pulling on
the ends of a hollow cylinder while it is simultane-
ously being stressed by internal hydraulic pressure,
bue this method is not applicable to sheet.

The initial phasc of the rescarch program was the
development of a series of laboratory tests capable
of evaluating those plastic properties of importance
in sheet metal forming operations. Particular em-
phasis was placed on the plastic behavior of sheet
metads under a wide variety of strain combinations.
‘This resulted in the development of several tests,
which in combination yicid a great deal of useful
information concerning the formability of a par-
ticular material. These tests are as follows:

Circular Hydraulic Bulge Test.2* A bulge method
was developed in which a round or elliptical bulge
or bubble is blown by hydraulic pressure from a
sheet anchored at the periphery. Previously, a cross-
hatched grid is placed on the sheet by photographic
methods. As the bulge grows, the distortion of the
grid is measured and the limiting deformation at
fracturc is noted, From these data and from the
thickness at the places where uniform deformation,
not necking down at fracture, has occurred, the
stress can be calculated. This test had been used to
some extent previously to study the ductility of
sheet materials, but it was not well understood. In
this investigation it was adapted to the study of
streas-strain relationships in the plastic range and
used to obtain stress curves under balanced biaxial
tension, the state of stress being set up in the dome
of a circular hydraulically formed bulge.

Elliptical Hvdraulic Bulge Test.*s This test is a
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modification of the circular hydraulic bulge test.
By altering the shape of the opening over which
the bulge is blown from circular to elliptical, it is
possible ro sct biaxial tensile strains, the ratio of
whiclt depends on the cllipticity of the opening.
Use of the cliiptical opening provides strain ratios
comparable to those obtained in many practical
forming opcrations.

Microcompression Test.* To overcome the in-
trinsic difficulties in compression testing of sheet
matcrials, namely, the tendency for the ordinary
specimen to buckle, a test was designed in which
a specimen 0.04 in. by 0.04 in, by 0.12 in, is em-
ployed. This test permits the stress-strain curves in
compression to be determined for sheet naterials
of 0.040 in. thickness.

Micyotension Test.*™ This test wzs developed
primarily to check against size eflect in the micro-
compression test and utilizes a specimen of 0.04 in.
by 0.04 in. corresponding to that of the microcom-
pression specimen. It was possible to demonstrate
by means of this test that size effect is absent in the
microcompression test described above for commer-
cial aluminum aircraft sheet. In the course of de-
veloping these tests, a study was made of the stress-
strain relationship for Alclad 245-0 and 24S-T sheet
under combined stressus. It was found that these
materials obey a gencralized stress-strain relation-
ship in the plastic range.

Direct Tension Tests.*® In addition to these tests,
two direct tension icsts were developed which pro-
vide complementary information to that obtained
in the above tests, In those types of nlastic flow
where simple stretching of wide sheet is concerned,
the uniform stretch, before necking begins, is a
criterion of behavior. In other types of flow, such
as bending over a sharp radius, the local deforma-
tion over a very minute gage length, which occurs
during the necking process, is the criterion. The
standard ASTM teasile specimen for sheet does
not distinguish between these two types of flew.
The uniform stretch is hampered by the preximity
of the wider grips (the picce is not long enough),
and the local deformation occurs over too great a
length  (the picce is too long). To separate these
factors, a long specimen 2 in. wide by 12 in. long
in the gage length and a short specimen 12 in. wide
by I in. long were used. The first specimen yields
data representative of that obtained when stretch-
ing over long gage lengths, and the second, data
representative of that obtained when stretching un-

der conditions of severe lateral restraint, Tests us-
ing these two types of specimens were made for
Alclad 2458-0 and 248-T, and flow curves in simple
tension were dewermined for these materials.

When the series of tests just described became
available, it was deemed advisable to apply the
tests to a study of the ductility at room temperature
of the important aluminum sheet metal alloys. This
study was carried out for the following materials:
248.0, 24S-T, 24S-RT, 24S-T81, 248186, 755-0,
7581, R301-0, R301-W, R301-T. All sheets tested
were (.04 in. thick and in the dad condition. As
a supplementary investigation, the cffect of aging
at room temperature on the prepertics of 75§ in
the circular bulge test was studied.

The detailed results of this serics of tests are
covered in Parts 11 and {II of the final report for
the project.*™ 8 Certain regularities were observed
which can be summarized as follows:

1. Uniform clongation is strongly dependent
upon the method of loading. Loading in the cir-
cuiar hydraulic bulge test favors high uniform
clongations in the annealed materials in which it
is possible for unstable plastic flow to sccur.

2. In the circular bulge test, the behavior of the
aged materials where instability does not occur
varics with the stress-strain characteristics of the
material being tested. For very high ratios of yicld
strength to tensile strength, the uniform elongaiion
in the circular bulge test is considerably greater
than in simple tension. On the other hand, for
lower yield strength-tensile strength ratios, the uni-
form clongation is about the same or somewhat less
than in simple tension.

3. For annealed materials, the uniform elonga-
tion in the circular bulge test is always greater than
in the elliptical bulge test. In the heat-treated
materials, this difference is stili present but is much
less pronounced and, in some cases, the results from
the tests are quite similar.

4. The local veduction of arca for the anncaled
tension tests is unaffected by lateral restraints im-
posed in the wide specimen. In the heat-treated
materials, however, the reduction of area is con-
siderably lower in the wide test than in the narrow.

5. It was found that 755-W could not be formed
satisfactorily in the circular bulge test because
of the strong tendency for the formation of strain
markings similar to Liider's lines which lead to
premature failures.

In order to provide a more rational basis for the
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interpretation and understanding ol these results, a
mathematictl analysis of some of the conditions
leading to unstable plastic flow and rupture was
carried out. The role of these factors in establishing
forming limits is discussed in Part 1V of the final
report on the project.*®

Inasmuch as the most profitable application of
data on forming limits can be realized only if some
previous knowledge of the critical strains arising
in forming a part of given design is available, con-
sidevabie attention was devoted to this problem.
Analyses were developed for the strain distribution
in a circular hydrazulically formed bulge and an
cliiptical hydraulically formed bulge, these parts
representing pure stretching, The problem of com-
bined stretching and drawing was next considered
and an analysis derived for a circolar cylindrical
cup with a spherical bottom.3? Good agreement
with observed strain distributions was obtained
with all these solutions,

These methods allow a better evaluation of the
plastic behavior of different aluminum alloys in
ditferent conditions of cold work or heat treatment.
With a background of experience in the forma-
bility of, and die design for forming, a few com-
mevcial alloys, the way in which a new alloy will
behave under conventional forming methods and
existing dies could be predicted approximately
from the long and short ensile specimens and the
bulge test data,

However, if a new part has o be made, even
these data on formung limits may be inadequate,
and the best guide will be the “know-how” accumu-
lated from experience with more or less analogous
parts with similar types of deformation.

123 Casting of Aluminum-Beryllium
Alloys

A decade or so ago, tests of some small forgings
and castings ot aluminum alloys containing 20 0
35 per cent of beryllium indicated interesting prop-
erties, and rather claborate plans, which never
materialized, were made for relatively large-scale
production of sheet and forgings, Sporadic experi-
ments were carvied un thereafter, both by producers
of beryllium and by producers of aluminum. A
particuiar aim. desired for the aircraft service, was
the production of sound alloys of this type, cither
cast or forged in a size suitable for pistons of air-

eraft engines. Considerable commiercizl effort along
this line produced nothing but a succession of fail-
ures and a belief among those who had worksd on
the problem that the alloys were not amenable to
processing in the size required. Others were not
convinced of this and argued that there was a
possible chance that more exhaustive experimental
work would show how processing might be accom
plished.

Because the properties that would be secured if
the alloys could be processed were so attractive,
the Burcau of Aeronautics, Navy Department, de-
cided to explore this chance. Project NRC-7
(NA-100) (AC), Beryllium-Aluminum Alloys for
Engine Parts, thercfore was established at the
Naticnal Burean of Sitandards, everyone concerned
being advised that the prospects of success were
very remote.

Much careful work, even trying out methods such
as not only melting in vacuum but even pouring
in vacuum, led to the conclusion that the com-
mercial investigators were quite correct in their
opinions that the alloys a:e not amenable o proc-
essing. Morcover, the reason for this was estab-
lished as being the long range between the
beginning and end of solidification which prevents
adeguate feeding and, therefore, on first freezing,
produces a mass full of shrinkage veids and a
matrix that will not withstand forging to close the
voids. Only the casting of a very thin layer followed
by another very thin layer, and so on, offered any
possibilitics, and no technique was found by which
this solution could be utilized successfully. Various
alleying additions were tried with the idea of trying
to reduce the long free:*ng range, but none were
suceessful 3!

It became obvicus that the chances of overcom-
ing the difficultics were so snall and so great an
amount of work would be required to produce
sound masses of the size wanted, if it were ever
possihle to produce them, that the effort would be
far better spent on more practical war problems.
The project, therefore, was terminated.

144 Needs for Research on Aluminum
Alloys

Latec in World War II, at the request of the
Committee on Materials Research Coordination of
NACA, a survey was undertaken to determine the
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i rescarch needs of the aircraft producers with re-
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spect to aluminum alloys, Although Project SP-30,
Suggested Rescarch orr Aluminum  Alloys from
Members of the Aircraft Industry, was completed
after the close of the war, the report® outlines the
problems that still existed.

125 Indexing of Division 18 Reports
on Aluminum Alloys

An index3 of the Division 18 reports on alumi-
num ailoys was prepared by the Research Informa-
tion Division of the War Metallurgy Committee, It
gives a subject list of the various projects with the
reports issued on each, a brief abstract of each report,
and a subject index of the reports. It is believed that
this index will enhance the usefulness of the many
reports on the subject.

13 MAGNESIUM ALLOYS

131 Intreduction

The very slight commercial use so far made of
magnesium alloy sheet naturally portends a lack of
knowledge of its possibilities and limitations to a
degree even greater than exists for the more widely
used aluminum alloys. Mcreover, magpesium has
problems of its own not present in aluminum. The
magnesium crystal is not cubic but hexagonal, and
this involves the possibility of directional differ-
ences in magnesium sheet. Also, the hexagonal crys-
tal is less suited to plastic deformation than is the
cubic crystal, so that magnesium alloys as a class
cannot be subjected to severc plastic deformation
at ordinary temperatures but must be warmed con-
siderably in order to stand even a reasonable
amount of such deformation.

While it may be that the corrodibility of magne-
sium alloys has been overemphasized, some do
corrade badly under certain circumstances, and
attempts to clad them with a protective metal layer
analogous to that used on clad aluminum alloys
have not been commercialiy successful The possi-
bility of failure of certain magnesium alloys as a re-
sult of stress corrosion has come recently to the fore.

Current magnesium alloys are rather notch sen-
sitive, and their static and fatigue strengths are,
cven on a strength-weight basis, little better, if any,

than those of aluminum alloys.

Thus, a multiplicity of unknown or inadequately
known factors must be taken into account when
magnesium sheet is proposed for aircraft use.

However, enough possible aircraft uses were in
sight in which it might be at least a competitor
with aluminum to warrant a comprehensive stuey.
Morcover, the existence of adequate production
facilitics for making the metal was an added spur
toward obtaining a truc cvaluation of its proper
position as an engineering material,

In mid-1942 two projects were established o
investigate the propertics of commercial magnesium
alloys—-one dealing with mechanical properties and
hecat treaiment, the other, with fatigue propertics.
Subsequently the program was extended to include
studies of the formability and deformation charac-
teristics of magnesium alloys. In March 1943 i
became apparent to the members of the War Metal-
lurgy Committee Project Comunittees for these
projects that an independent and comprehensive
study of the stress corrosion of commercial magne-
sium alloy sheet should be made. As a result of this
study, a project was established to develop new fab
rication mecthods to minimize stress corrosion in
commercial alloys and to develop new alloys less
susceptible to stress corrosion.

132 Mechanical Properties of Magnesiuin
Alloys

At the request of the aircraft indusury, the War
Metallurgy Committee initiated the establishment
of Project NRC-21, Propertizs and Heat Treatment
of Mzgnesium Alloys, at the University of Cali-
fornia, Subsequently, the Burcau of Acronautics,
Navy Department, endorsed this project and ac-
tively cooperated in its prosccution under their
control number NA-144. The objectives of this in-
vestigation were the determination of the effects
of size and notches on the mechanical propertics
of commerciali magnesium alloys for aircraft and
combat vehicle use, the evaluation of the damping
properties of these alloys, and an investigation of
heat treating processes with a view to the develop-
ment of superior properties for these alloys. After
the first year of study the program was extended
at the suggestion of the producers of magnesium
te include studics of the notch sensitivity of new
alloys in sheet, strip, cast, and extruded forms,
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Eerpcr ov Size Uron TENSILE PROPERTIES
oF SPEGIMENS OoF MaaNesiust ALLoy SiEer™

Fowr magnesium alloys (both the hard-rolled and
anncaled 61490 Al 349 Zn alloys and 1149, Mn
alloys) were investigated for the effect of size on the
tensile properties of sheet. In general, the material
investigated was within the manufacturer's stated
specifications.

‘The tensile strength, vield, and percentage of
clongation in a 2in. gage length show very little
size effect. The reduction at the fracture section
reveals that the percenmtage of reduction in area
and the true breaking swress decicase as the width
increases. From the nominal tensile properties ob-
tiined, it does not appear that a true sive cffect
exists for the materials investigated. However, nar-
row specimens exhibit a greater percentage of re-
duction in width than wide specimens, which
indicates thai greater local necking down occurs
in the narrow specimens. 'FThe percentige of elonga-
tion in 2 in. does not show any definite variation
with size.

The difficultics encountered in industrial prac-
tices are probably associated more with gripping
and load application than with a size effect of the
matcrial.

NOTCH SENMITIVITY OF MAGNEsSIUR ALLoyz50:348

In the order of increasing sensitivity to a reasned
hole, the alloys tested were hard-rotled 1149, Mn al-
loy, anncaled 1149, Mn alloy, hard rolled 6149, Al,
347 Zn alloy, 248-T aluminum alloy, Alclad 24S-T
aluminum alloy, and anncaled 6149, Al 4%, Zn
magnesium alloy, The annealed and more ductile
magnesium alloys are more notch sensitive than the
hard-rolled and less ductile alloys of the same com-
position. For 114% Mn alloys, the thin sheets are
more notch aensitive than the thick sheets, but for
the 614% Al 349 Za alloys, the notch sensitivity
is invariant with sheet thickness. A large increase
in sensitivity to the notch occurs as the width ot
the specimen increases for constant form factor for
all alloys tested for this cffcct (both the hard-rolled
and annealed 6149, Al 3%, Zn alloys and 114, Mn
alleys). The tensile strengths of both notched and
un 1otched specimens, based on both originai and
final cross section area, are considerably greater at
—318 F than at rcom temperaturc. For a condition
of very small ductility (anncaled 6149 Zn, 349, Al

alloy at =318 F, clongatien about 5 per cent, and
havd-rolled 61440 Zn, 347, Al alioy at —-318 F, clon.
gatior. about 1 to 2 per cent) the stress distribution
in a notched specimen does not follow that pre-
dicted by clastic theory but agrees in general with
the distribution existine for a ductile material,
Henee, only a very small amount of ductility is
required to redistribute completely the stresses at
the root of the notch.

The notch efficiencies in tension for American
Magnesium Corporation annealed and hard-rolled
304 AL 195 Zn sheet alloys and the equivalent Dow-
mctal alloys were evaluated. The notch used
throughout this investigation consisted of a single
ceniral hole in a tensile test specimen, and the
notch efficiency was exprassed as the ratio of the net
average tensile strength notched divided by the ten-
sile strength unnotched. As in previously reported
investigations on other magnesium sheet alloys, it
was found that the notch efficiency depended upon
the ratio of hole diamcter to specimen width for
constant width specimens, and the notch efficiency
depended upon specimen width when the ratio of
hole diameter to specimen width was held constant.
The hard-rolled alloys were practically insensitive
to a notch except for the wider speamens which
were investigated. The anncaled alloys exhibited
minimum notch cfficiencies of about 0.90 for l-in.-
wide specimens at ratios of hole diameter to speci-
men width of about 0.125 in. As the specimen
width increased from 1 inch to 6 inches, the notch
cificicncy was reduced from about 0.90 w0 about
(.82, These observations are in agreement with the
general trends previously repovted for other alloys.

In general, variations in the procedure of pro-
ducing the hole had litle influerice on the noich
cfficiency. Variations in drilling speeds and fceds
had no influence ont the notch efficiencies. Drilled
and rcamed holes presented only slightly superior
notch cfficiencies to those obtained by drilling
alone. Qther factors such as lubrication, <rill design,
and drill dullness were investigated.

Difficulties owing to the formation of small
cracks were encountered in punching fcles in mag-
nzsium alloy sheet a: ammospheric temperature.
Thesc difficulties were overcome by punching the
magnesium alloy shect at clevated temperatures.
The opiimum temperature at which the highest
notch cfficicncy occurs is unique for cach alloy.
Complete data for the optimum punching temper-
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atures, punch an die design, and clearance were ob-
tained. Under the best combinations of conditions for
punching, some alloys exhibited a higher notch cffi-
ciency for punched holes than for drilled holes.

Standard dimpling procedures always resulted in
cracking magnesium alloys when the operation was
carried out at atmospheric temperatures. However,
all of the standard magnesium alloys may be satis-
factorily dimpled at elevawed temperatures. The
optimum temperature for dimpling as evaluated by
the notch efficiency closely corresponds to the op-
timum temperature for punching. Each alloy, there-
fore, exhibits highest notch efficiencies when dimpled
at the optimum temperature for that alloy.

The sensitivity of magnesium alloys to scratches
is of about the same order of magnitude as the sen-
sitivity of 24S-T aluminum alloy, but it is greater
than the sensitivity of Alciad 24S.T.

The notch sensitivities of extrusions of four mag-
nesium alloys (6149, Al, 349, Zn alloy, 114% Mn
alloy, 8149, Al, 14%, Zn alloy, and the 8%, Al, 39,
Zn alloy) in the “as received” condition were in-
vestigated under conditions of axial and eccentric
tensile stress. The notch sensitivities of extruded
aluminum 248-T and sand cast magnesium alloy,
99, Al, 29, Zn, were studied for comparison,

Extrasions of the 6149, Al, 34%, Zn alloy, 8149,
AL 149, Zn alloy, and the 39, Al, 39, Zn alloy, like
aluminum alloy 24S-T, displayed notch strengthen-
ing under axial tension. The 1149, Mn alloy
showed little notch effect, whiie the 99, Al, 29
Zn alloy showed reduction in strength under the
notch. Notch sensitivity in the “as received” con-
dition did not correlate with grain size, hardness,
clongation in 2 in,, stress-strain relationships, er
any of the conventional tensile test data.

Under cceentric stress, the sirength of notched
bars was reduced greatly. The order of notch sen-
sitivity of the magnesium alloys studied, namely,
6149, Al, 3%, Zn aiioy, 3Y, Al, 39, Zn alloy, 8149,
Al, 149, Zn alloy. 1149, Mn alloy and 99, Al, 29}
Zn alloys in order of decreasing ratio of notched
strength to unnotched strength, was the same in
axial and eccentric tension. However, aluminum
alloy 24S-T showed greater sensitivity to notches
under small cccentricities of stress than the 6149,
Al, 349, Zn alloy, the 39, Al, 39 Zn alioy, and the
8149, Al, 149, Zn alloy. In the “as received” condi-
tion, the magnesivm alloys are similar to aluminum
alloy 24S-T in notch sensitivity.

Within the limits of this investigation, prestretch-
ing of extrusions of the 6149, Al, 349 Zn alloy,
1% Mn alloy, and 8149, Al, 149, Zn alloy re-
sulted in increased ratios of notched strength w
unnotched strength,

While the 8149, Al, 149, Zn alloy extrusions in
the “as received” and in the solution heat-treated
conditions showed notch strengthening, these ex-
trusions showed reduction in notched strength on
aging. For this alloy aged “as received,” the ratio
of strength notched to strength unnotched was
about 0.83, but when aged after solution heat treat
ment, this ratio fell to 0.50. In the heat treatment
study, changes in microstructure were found to ac-
company changes in tensile notch sensitivity.

Dampeing Caracity oF MAGNESIUM ALLOYSY

The mean specific damping capacities of three
magnesium-base extrusions, nine magnesium-base
sand castings, and seven aluminum-base san! and
permanent mold castings were investigated, These
investigations indicated that magnesium alloys have
rather high damping capacitics which may be use-
ful in absorbing energy in [reely vibrating systems.
These capacities were evaluated and compared with
those of aluminum alloys. 'The high damping capa-
city of magnesium was correlated with the forma-
tion of twins in the waterial.

HEAT TREATMENT OF MAGNESIUM ALLOYS™

The solution heat treatment and aging of the
9% Al, 29 Zn alloy were investigated. Solution
temperatures of 770 F to 775 T were found to give
the best results. Local fusion occurs in this tempera-
ture range but does not become harmful unless
temperatures are higher. Preheating does not pre-
vent local fusionn and is of no bencfit except in
overheated specimens. Overheating may be detected
by the presence of grain boundary voids in polished
specimens. Some heats which manifest coarse grain
sizes, presumably as a result of variations in
foundry practice, require higher temperatures or
longer times for solution treatment.

Direct quenching into hot or cold water from the
solution temperature results in cracking, probably
because of hot shortness. If bars are cooled to tem-
peratures between 715 and 750 F before quenching,
cracking is avoided. This procedure has been called
a modified quench. Properties of bars subjucted to
such a treatment are about the same as those of
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bars cooled in air according to the commercial prac-
tice. After aging, however, quenched bars develop
10 per cent greater tensile strength and  yield
strength than bars cooled in air, To develop maxi-
mum properties a high degree of solution must be
obtained before aging. Coarsc-grained castings re-
quire special care.

Two modes of precipitation of the beta phase
have been observed, a lamellar type growing from
nuclei in the grain boundaries and a genceral pre-
cipitation in crystallographic planes throughout the
grains. The mode of precipitation does not vary
with aging wmpcerature, There are indications that
recrystallization of the matrix accompanies lamellar
precipitation and that the strengthening effect of
such precipitation is small. Recrystallization does
not attend general precipitation, which is mainly
responsible for age hardening. Less lamellar preci-
pitation resuits from the aging of bars quenched in
hot water than from bars cooled in ait or quenched
in cold water previous to aging. This treatment
minimizes the extent of lamellar precipitation and
yiclds the best tensile properties. It is found that
aging time may be considerably shortened, obtain-
ing equivalent results, tirough substitution of 375
F for e usual aging temperature of 350 ¥. A new
heat treating schedule is recommended contisting
of solution treatment, cooling of the furnace to 730
F, quenching in boilimg water, and aging for 4 to
5 hours at 875 F,

The data given in the repor cited in the fore-
going discussion arc of direat value to designers of
sircraft and military cquipment and it is believed
that they will help to extend the use of light struc-
tural alloys.

It was evident in the work of this project that
the control of grain sizc in magnesium castings is
essential, Work on this, together with much other
work on avoidance of microporasity so as to get
sound castings and sound [orging blanks, was car-
riecd on under War Metallurgy Commitiee super-
vision, but, since these projects were classified as
process rescarch and came under OPRD rather than
OSRD auspices, they are not summarized here. “The
OPRD projects were Project NRG-546, Cast Magne-
sinm Alloys and Existing Foundry Techniques and
Practices, conducted by Battelle Memorial Institute,
and Project NRC-550, Control of Grain Structure
awd Its Effect on Quality of Magnesium Alloy Cast-
ings. conducted by the University of California.

Other OPRD projects on the fabrication of mag:
nesintm were Project NRC-549, Machinability of
Cast Magnesium and Magnesium Alloy Ingots, con-
ducted by Battelle Memorial Institute, and Project
NRC-552, Production and Propertics of Mag-
nesium Press and Hammer Forgings, conducted by
the Wyman-Gordon Company.

138

Fatigue Properties of Magnesium
Alloys

I'o complement the work on the investigation
described above, Project NRC-22 (NA-145), Fatigue
Properties of Magnesium Alloys and Structures, was
established at Battelle Memorial Institute. The aim
of this project was not only to determine the
[atigue properties of commercial magnesium alloys
but also to study the fatigue properties of welded
and riveted structures fabricated from magnesium
afloy sheet. The program was revised subsequently
to include the cbtaining of fatigue data on mate-
rials supplied by Project NRC-67, Physical and
Stress-Corrosion  Propertics of Magnesium  Alloy
Sheet, and Project NRC-68, Spot Welding of Mag.
nesium Alloys. The first of these projects is discus-
sed in this chapter of the report, while the latter is
described in Section 6.1.4 on welding. Also included
in the program was the further exploration of
promising methods of joining magnesium and the
obtzining of fatigue data on joints other than simple
fap joints.

Static notch sensitivity, discussed in Section 1.3
and stress-corrosion behavior, to be discussed in
Section 1.3.4, tell little or nothing about notch sen-
sitivity in fatigue or about corrosiou fatigue.

‘The unnotched fatigue beliaviors of the strong
(Al-Zn) magnesium alloys arc very much alike, and
in the anncaled state these alloys are nearly as fa-
tigee vesistant as the hard-rolled. The 1149, Mn
alloy, hard-relled, is superior to the other 2lloye at
stresses that reqaire more than 100,000 cycles for
failure.

With drilled rivet holes, the 39, Al, 19, Zn alloy
is more notch sensitive than the 6149, Al, 34%
Zn alloy or the hard-rolled 1149, KMn alloy.
All are more notch semsitive in fatigue than in
static tension, But if the rivet holes are filled with
“sab” rivets, the fatigue strength jises close to that
of a monoblock specimen.
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Riveted lap joints failed in the sheet rather than
through the holes. The fatigue values are not sim-
ply related to the static values and difier with the
ratio of static component to alternating component
of the load, as well as with the alloy. The fatigue
strength was much below that of monoblock speci-
mens. Prediction of behavior, without test, would
therclore be difficult, Snet welded lap joints failed
at or near the weld ad . {atigue strength was
very low, without muen difivience among the vari-
ous alloys testedd,

Joints made by are welding under helium (Heli-
arc) were only slightly better in fatigue resistance
than riveted joints in the 1149, Mn alloy, but very
much better in the 6149, Al, 49, Zn alloy. Fatigue
strengths of Cycle-Weld joints, made with an or-
ganic adhesive, came close to the values for Heliare
welded joints in the 6147, Al, 34%, Zn alloy and
were vastly superior i the 14% Mn alloy. The
cificiency of a joint that was merely stuck together
was striking, failure occurring in the metal rather
than in the joint. However, similar joints made at
a later date by the same firm swhich made the
carlicr Cycle-Weld joints were inferior, the joint
scparating. This difference probably related to the
care taken or the neglect shown in cleaning the
joint surfaces before applying the adhesive. The
potentialities of a properly made adhesive joint
are vas', and the method deserves intensive develop-
ment. Of .course, room temperature tests do not
show how much such joints will behave at higher
temperatures where some adhesives of this rlass tend
to soften. or at low temperatures where most of
them tend to kecome brittle, However, static tests
show encouraging behavior of some adhesives un-
der extremes of temperature. Once the technique
of cleaning the met.{ and making the joints is un-
der control, high- and low-temperature fatigue
studies of these joints would be in order.

Corrosion fatigue tests were made on monobiock,
unnotched specimens, using the solution that was
sclected for static stress-corrosion testing in Froject
NRC-67, (described in Section 1.3.4) as well as
othier solutions. The specimens were aliowed to cor-
rode, stressed or unstressed, both hefore fatigue test-
ing and simultancouslty with fatigue testing. Natur-
ally, corrosion increases the stress concentration
and decreases the resistance to fatigue. Fatigue (ests
reveal the presence and cffect of corrosion before
corrosion is detectable by static tests,

The heat treatments developed in Project NRC-
67 (described in Section 1.34) to prevent static
stress-corrosion cracking do not matcerially affect the
fatigue or corrosion fatigue results, and thus the
static improvement is achieved without harmful
cflects from the point of view of repeated stress.
Heliarc-welded specimens appear no more sensitive
to corrosion fatigue than monoblock specimens,

Details of the experimental work and equipment
used are given in three progress reports, 004
Generalizations of the principal conclusions reached
in the final reports*24444 are as follows:

1. An extension of fatigue data on the 6149, Al,
%4 % 7n alloy sheet to ncgative ratios of minimum
to maximum stress indicates that, for ratios as large
as —0.5, values for the negative ratios fall on smooth
curves obtained from positive ratios.

2. Measured stress  concentration factors  for
notche. in the 6149, Al, 349, Zn alloy arc lower
than those computed theoretically. The measured
stress concentration factor depends on the mean
load and is lower for high mcan loads. It is prob-
able that high mean loads produce some creep
which relieves part of the stress couceatration,

& Studies of the cffect of precipitation heat treat-
menes which were developed to combat static stress-
corrosion on the fatigue strength of magnesium
alloys show that such treatments have very little
cliect ¥n the 6149, Al, 349, Zn alloys. However,
they lower the fatiguc strength of the 39, Al, 19
Zn type alloys. These heat treatments do not appre-
ciably alter the corrosion fatigue characteristics of
the alloys, although they do affect the static stress-
corrosion 1imit,

4. Some tests which were conducted to find out
whether unusually bad corrosion fatioue cffecis
might be associated with Hcliare welds indicate
that these welds do not affect the corrosion fatigace
strength unfavorably.

5. Cycle-Welded joints vary widely in strengih,
and the technique of making reproducible joints
was not under control in the making of the second
lot tested.

144 Stress-Corrosion of Magnesium Alloys

One of the greatest drawbacks to the use of mag-
nesium alloy sheet materials was the failures of
structures by fracture of the sheet through ihe
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mechanism of stress-corrosion aracking, Consider-
able concern was aroused by the observation that
some commercial magnesium alloy sheet structures,
under moderate stress and subjected only to atios-
pherie corrosion, cracked spontancously. Some of
he very striking observations were later found to be
due to assembly merhads that disregarded the limi-
tations of magnesium, owing to unfamiliarity of
workmen with the behavior of the material, bue it
was nevertheless shiown that stress-corrosion ovack-
ing could occur.,

To bring out the vital problems and determine
the research needs i the subject of stress-corrosion
cracking of magnesium alloy sheet, Survey Project
SP-12, An Investigation of the Present Status of
Magnesium Alloy Sheet in the Airerafe Industry,
was established in March 1943 by the War Metal-
urgy Committee at the suggestion of representatives
ol the atreraft anufacturers. This was an engineer-
ing survey covering commercial information much
of which was confidential company information on
the fimitations of magnesivm alloy sheet 4

The principal undesirable properties of magne-
sinm alloy sheet for aircraft construction were sus-
ceptibility o stress-corrosion, low compressive yield
strength, extreme notch sensitivity, wide variations
between minimum specification values and those of
the majority of the stock received, tendency for
mechanical properties to become lower on™cyclic
loading, and anisotropy. With respect to these un-
desirable properties, the 6149, Al, 349, Zn alloy
was the poorest and the 1149, Mn alloy the best,
with the 39, Al 19, Zn alloy being intermediate.
Unfortunately, the 1159, Mn alloy has the lowest
micchanical properties of all, although it is the best
in most other respects. The British and the Ger-
mans scemed o have solved their problems by us-
ing allovs similar to the 1149 Mn exclusively.
However, there are no indications that they used
wmagnesium alloy sheet for highly stressed primary
aircraft structures,

Of all the objectivias 10 the use of magnesium,
its susceptibility to stress-corrosion cracking is the
one that makes its use for critical parts question-
able, Most of the other werknesses can be overcome
by desigy changes, but it appears that stress-corro-
sion cannot be overcome by structural engineering
techniques alone.

The mast probable theory for stress-corrosion
cracking scemed to be that at ordinary tempera-

tures stress favors the separation of material which
would otherwise remain in solid solution. If this
scparated material, or precipitate, comes out on
grain boundarics, it can be corroded away more
readily, leaving a branching stress-raising void be-
tween the external grains, at which cracking may
start. If, by changing the composition, the material
can be kept in solution or if it can be precipitated
diffusely within the grains where corrosion cannot
reach it, the material should be immune to stress-
corrosion cracking.

In an attempt to cope with the stress-corrosion
problem, Project NRC-67 (NA-147), Physical and
Suress-Corrosion Properties of Magnesium - Alloy
Sheet, was cstablished at Rensselaer Polytechnic
Institute in june 1943, The original objectives of
the project were to study (1) the variations in the
physical properties of available commercial alloy
sheet with a view to reducing the spread in physi-
cil properties which retard the adoption of this
material by designers in the aircraft industry, (2)
the effect of alwminum and zinc on the susceptibil-
ity of the resultant alloys to stress-corrosion, (3) the
effcct of variations in aluminum and zinc content
on the mechanical properties of sheet material and
the possibilities of their improvement by heat treat-
ment, and (4 new alloying additions and their
cffect on the mechanical properties and resistance
L0 stress-corrosion.

Obvious difficulties arose in the rapid correlation
of the results of any selected laboratory test for
propensity toward corrosion cracking and behavior
under long-time atmospheric corrosion. This was
handled by assuming that, if a laboratory test weie
made using some chemical selution which produced
the same type of failure as had occurred in the at-
mosphere and an 2lloy or a treatment found that
would withstand swressing above normal design
loads in such a solution without failure, that alloy
or treatment would probably be immune in atmos-
pheric service. It was recognized that the elapsed
times for relatively carlv failures in such a test
might ot be commensurate with the probable life
in actual service. Therefore, such test could not be
interpreted quantitatively, though there should be
some qualitative indicat.on of how different vari-
ables were influencing the tendency toward, or
away from, stress-corrosion cracking.

It was necessary, therefore, to make a compre-
hensive study of methods for determining the re-
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sistance 1o stress-corrosion and  to correlate the
resuits of each method. "This resulted in the estab-
iishment of laborzatory procedures for investigating
the problem of improving the physical and stress-
corrosion properties, It was found that in cold-
rolled commercial stock a stress relief anneal at
350 I for 2 hours greatly mitigated corrosion crack-
ing without seriously impairing other properties.
Subsequently, cold rolling to about 20 to 30 per
cent reduction followed by a 250 ¥ stress-relieving
treatmensi was found to produce metal with a mini-
mum tendency toward stress-corrosion cracking and
with mechanical properties at least as good as those
produced by the carlier, conventional methods.
This afforded a solution to what at first appeared
a problem most difficult to solve.¢ In addition to
studying various heat wreatments, rolling proced-
ures, and combinations of the two, the effects of
various surface treatments on stress-corrosion were
also investigated.4? These included anodic treat-
ments, selenium treatment, dichromate treatment,
and shot peening.

The first phase of the studies of the development
of alloys with improved mechanical properties and
resistance to stress-corrosion involved investigating
the cftects of minor zddition agents and minor varia-
tivns in melting practice on the properties of alloys
of the 6149, Al, 349, Zn and 59, Al, 19, Zn types.
In this work, observations were made that agreed
with those made under Project NRC-70, discussed
in Section 1.3.6, as to the desirability of pure metal,
that is, metal presumably free from oxide. Although
improvements were made in the resistance to stress-
corrosion of alleys of the 6147, Al, 349, Zn and
5%, Al, 19; Zn types, alloys with a new high ievel
ot mechanical properties were not developed.

Studies were then started on the development of
new alloy compositions with improved propertics.
This was approached by investigating precipitation
hardening in alloys of widely varying compositions.
The response to precipitation hardening treatment
was evaluated through hardness tests.

It was found that additions of Cd and Ce to-
gether caused precipitation hardening and that ad-
ditions of Ag to Mn-Al-Sn alloys improved precipi-
tation hardening. Encouraging results were ob-
tained with Mn-Zn and Mn-Zn-Zr alloys. This work
was incomplete when the project was terminated
in October 1945 in accordance with NDRC demob-
ilization plans. It is being continued under a direct

contact with the Materials  Laboratory, A'TSC,
AAF, Wright Field, Rescarch on the development
ol new magnesium alloys with improved propertics
is also being sponsored by the Burcau of Aeronau-
tics, Navy Department.

135 Forming of Magnesium Alioy Sheet

Another obstacle to the use of magnesium alloy
sheet in aircraft construction was the lack of knowl-
cdge of its forming propertics. Owing to the very
limited use of magnesium as a material of construc-
tion and almost complete lack of experience in its
use in fabricating aircraft, it was imperative that
data be obtained as expeditiously as possible which
would be of value to the designers and fabricators
in determining the possibilities and limitations of
these alloys.

At the insistence of the aircraft industry, the War
Metallurgy Committee initiated the establishment
of two projects, one dealing with studies of form-
ability and the other with fundamental informa-
tion on deformation characteristics. Subsequently,
these projects were endorsed by the Bureau of Acro-
nautics, Navy Department, and their control num-
bers were assigned.

Project NRC-44 (NA-146), Formability of Mag-
nesium Alloy Sheet, was catabliched av the Univer-
Sity of California in December 1942 with the ob-
jective of cstablishing design limitations and im-
proving press and deep-drawing techniques. The
program included the determination of variable
speed stressstrain characteristics of magnesium al-
loys, minimum bend radii in rubber-press forming,
and the limits of the deep drawing of cups. This
program was later extended to include studies of
the forming of stretch flanges, beads on fiat panels,
shrink flanges by hydropress forming, and stretch
{orming of contour pancls.

ErevaTed TEMPERATURE VARIABLE
SpEED TENSILE TEsTS*8

The most important fundamental 'ata for the
evaluation of the formabiiity of metals is obitained
from siressstiain curves. The formability of mag-
nesium alloy sheet is limited at atmospheric tem-
peratures, but it is sufficiently improved at elevated
temperatures up to 700 F to make severe forming
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feasible. At the elevated temperatures, however,
the strain rate influences the plastic flew curve,
Therefore, in order o provide adequate data for
the determination of the formability of magnesium
alloy sheet, flow curves were obtained for strain
rates of about 10 inches per minute up to approxi-
mately 140 inches per minute over the useful range
of forming temperatures from 70 tw 700 F. These
data are directly useful in determining the sizes and
dimensions of parts attainable in a number of the
common forming operations,

Grid analyses of the specimens yielded data for
evaluation of the strains obtainable over various
gage lengths for all conditions of strain rates and
temperatures which were studied. These data pro-
vide the numeciical values that are essential in de-
tenmining minimum bend radii and in determining
values for strewching operations in genceral.

ForanG o Bexps ox THE GUERIN Press??

The minimum berd radius for forming straight
flanges of magnesium alloys at atmaspheric *emper-
atures is too great for aiveralt forming require-
ments. Elevated temperature forming not only
provides the possibility of producing adequately
low minimum bend radii but also reduces the
springvack. The investigation on bending provided
the caential design data  for fovming sraight
flanges over temperatures from 70 to 450 F for six
standard magnesium alloy sheet materials,

Evatuation o Deer-DraviING PROPERTIES AT
Erevaten TeErmpPERATURESS

The deep-drawing properties of annealed 1147,

Mn alloy, 89 Al 19, Zn alloy, and 6149, Al, 349,
Zn alloy at clevated temperatures weie determined
by deep drawing cylindrical cups. The drawability
was cvaluated in terms of the maximum diameter
and the maximum cup height which could he
drawn successfully. Effects of punch radius, die
radius, clearance, hold-down load, punch tempera-
ture, and dic temperzture on the drawability were
investigated.

At mom temperature only shallow draws are
possible. At 560 F improved drawability is obtain-
able, and at higher temperatures very decp draws
can be protuced. The highest drawability at cleva-
ted temperatures was obtained with a heated die
plate and hold-down pad and a water-cooled punch.

On the basis of hot shortness and excessive grain
growth, the maximum permissible drawing temper-
atures of about 700 F for the 1159, Mn alloy, 850
F for the 39, Al, 19, Zn alloy, and 800 F for the
614% Al 4% Zn alloy were tentatively cstab-
lished, At these temperatures the maximum per-
centage of draws obtained by using a water-cooled
puach were approximately 67159, for the 1149,
Mn alloy, 67149, for the 39, Al, 19, Zn alloy, and
659, for the 6149, Al, 349 Zn alloy.

ForainGg SHRINK FLANGES IN THE GUERIN PrEssto?

Many aircraft parts consist of a flat web with a
convex flange, generally produced on the Guerin
press. The forming action consists of bending the
flange around the die bend radius and simultane-
ously shrinking the outer fiber of the flange from
the original length in the blank to its length when
the flange contacts the die. The maximum success:
ful shrink obtainable depends on several faciors.

I. For a 360-degree flange, the flange height must
be sufficiently small to prevent buckling of the flange.

2. The die bend radius must be sufficic -7 Varge
to prevent bend cracking.

8. The pressure must be sufficiently great to per-
mit complete forming.

The improvement in shrink flange formability of
magne ium alloys, in which buckling gives the
forming limit for scgment lengths 8 inches or
greater, is minor at forming icmperatures up to
450 F. The investigation demonstrated thii con
siderable improvement can be achicved, however,
for rcom temperature and clevated temperature
forming, if cutouts arc used and if the resulting
scgment lengths are made about 2 inches in length
or shorter. The increase in percentage of shrink for
decrease in segment lengths is greater at elevated
temperature forming than at reom temperature
forming. The shrink flange formatility at 450 F
for the 0.40-in. sheet is best for the annealed
14%, Mn alloy and the poorest for the annealed
616% Al, %% Zn alloy. The hard-rolled 6149, Al,
%% Zr alloy, the hard-rolled 1149, Mn alloy, the
anncaled 39, Al, 19, Zn alloy, and the hard-rolled
3% Al 19} Zn alloy give intermediate results. The
percentage of shrink which may be achicved for all
segment lengths decreases with an increase in the
dic contour radius.

Springback of the Hlange in shrink fiange forming
proved to be approximately the same as that for
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straight bends for the forming temperatures and ra-
ios of die bend radius to sheet thickness investigated.

FoaMING BEaDS IN THE GUERIN PrEss®

The major factor which determines the maxi-
mum forming limit of beads is the maximum
strain which may be achieved over the bead con-
tour. Under all conditions whicn were investigated,
it was found that the atmospheric internal beads
fracture at or near the point of tangency of the cir-
cular portion of the bead contour and the die bend
radius. At the point of tangency local deformation
was ohserved consistently for all test conditions.
Grid analyses revealed that the strains are essen-
tially uniform over the entire circular portion of
the bead contour, Maximum design limits were
calculated from the grid analyses.

The maximum uniform strains which can be
achieved were found to increase with an increase
in the forming temperatures up to 3060 F. A de-
crease in the maximum permissible strain was ob-
served at 450 F as compared with that at 300 F for
all alloys except the annecaled 114% Mn alloy and
hard-roiled 39, Al, 19, Zn alloy. Also, greater uni-
form strain can be achicved with beads formed on
external beading dies than those formed on in-
ternal dies at the forming temperature of 70 F. The
formability of magnesium alloy beads on external
dies proved to be so good for most ailoys at 70 F
that no tests were run at clevated temperatures,

STRETCH FORMING™

‘The maximum perinissible limits for the stretch
formability of six magnesium alloys were deter-
mined for a series of singly and doubly convex
parts and also for a series of saddleback parts, The
maximum permissible stretch at 70 F was small.
At this temperature, stretch forming was found to
be limited to contours where the maximum contour
line is only a few per cent greater than the mini-
mum contour line. The maximum permissible
stretches were found to increase with increasing
temperature over the range of temperatures in-
vestigated. At 300 to 400 F, high strctches were
successfully obtained and severely contoured doubly
convex and saddleback parts were casily fabricated.
Llevated temperatures also minimize the occurrence
of grip failures and the presence of buckles in sad-
dleback parts.

The average stretches which were obtained ex-

ceeded the wniform strain obtained in tension tests
by wide margins. These data reveal that, contrary
to prevalent opinion, the limits of stretch forma-
bility are not dependent upon the uniform strain
as obtained in a tension specimen, but frequently
cxceed this value. In several examples, strains ap-
proximating the local ductility for the existing
stress ratios were obtained over several inches of the
maximum contour lines. The cffect of die contour
and friction are very important in influencing the
maximum permissible stretches, Under ideal condi-
tions of control of friction by means of lubrication
and grip adjustment, it may be possible to approxi-
mate the local ductility along the total length of
the maximum contour line of the die.

This project was carried out as an engincering
investigation and provided much information on
the requirements as to die design, press capacity,
technique of carrying out operations at the proper
temperature, considering the practical limitations,
and on the way in which the different commercial
alloys behave in response to many important vari-
ables. While some cut-and-try methods will stili be
necessary in working out forming conditions for
specific parts, a study of these reports should vastly
decrease that necessity. They tell a good deal about
how to form a part, but information on how that
part mzay be expected to stand up in aircraft service
was still scanty. Again, since cxtended actual air-
craft use was lacking, reliarce had to be placed on
laboratory data.

Two advisory reports bearing on the forming
problems were submitted by the War Metallurgy
Committee at the request of the University of Cali-
fornia where they had been prepared as theses for
advanced degrecs.

The first, Effect of Combined Stress on the Duc-
tility of Metals,® reviews the cxisting knowledge
on the subject and presents a method of calculat-
ing permancnt strains at fracture under combined
stresses when (1) the stress combination at the be-
ginning and end of plastic deformatior and (2) the
work hardening cffects, are known. The calcula-
tions based on the theory presented are in good
agreement with the experimental data.

The othcer report. Stress-Strain Relationships for
5 Magnesium  Alloy Extrusion under Biaxial
Stress,%0 presents a study of some of the fundamen-
tai assumptions of the theory of plastic flow under
combined stresses, Few data are available on the
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flow of metal under arbitrary conditions of stressing
or straining, but ihis investigation indicates that
good predictions of the strain are possible from a
knowledge of the true stress-strain curve in tension
and the known stress path.

138 Deformation Characteristics

By analogy to the other hexagonal metais, nota.
bly zine, it was indicated thae the difficulties en-
countered in the failures of magnesium alloy sheet
might be due 1o the unusual deformation charac
teristics of this type of metallic structure, To obtain
fundamental information on the relation between
the internal structure of magnesiu n alloys and
their ability o take deformation, Project NRC-70
(NA-148), Deformation Characteristics of Magne-
sinm Alloys, was established at Carnegie Institute
of Technology in June 1943,

By mcans of X-ray and microscopic methods, the
crystallographic and wmetallographic structure of
magnesinm was correlated with e deformation
characteristics. This nccessitated the development
of a special ctching technique which would at once
reveal both the grain structure and the twinning
due to mechanical working.57

The program of the investigation embraces two
problems: (1) investigation of the mechanics of de-
formation in sheets, covering slip, twinning, crack
propagation, microstructure, and preferred orienta-
tion, and their reiation to physical propertics; (2)
investigation of possible presence of embrittling
agents, perhaps oxide films in the metal, or possibly
nitrogen, carbon, sulphur, chlorine, or other im-
puritics, and exploration of the possibility of pro-
ducing more ductile material by the climination
of them.

The work indicated thai aveidance of directional
propertics in sheet that result from the tendency
of magnesium to form twin crystals can be achieved
bv the right combinations of hot and cold work.
It was demonstrated that twinning depends on the
speed and temperature of deformation, decreasing
with inareasing temperature and decreasing speed
of deformation. The pronounced change in orienta-
tion (86 degrees) which is produced by twinning,
combined with the above knowledge, was employed
to produce randomly oriented magnesium sheet.
The tensile strength of this sheet was siigitly lower
and the reduction of arca slightly higher than that

of commercial sheet. Such randomly orieuted sheet
may be desirable for certain operations where
isotropy is of prime importance. However, the ex-
treme ease with which the twinning takes place at
room temperature. returning the sheet to its nor-
mal orientation, makes extremely doubtful the pro-
duction of magnesium sheet with any marked ie:
provement in room temperature properties by
alteration of orientation of its crystals. Further-
more, the production of randomly oriented sheet
may complicate rolling practice. Twinning occurs
less veadily at clevated than at room temperature,
but, under rapid deformation in forging or rolling,
it may occur even at elevated temperature.

Different lots of magnesium and the same lot
cooled at different rates after freezing fracture in
different ways, that is, cither intercrystalline or
transcrystalline. Intercrystalline fracture is theught
to denote less dependable material. Metallographic
studies revealed the presence of an impurity in
magnesinm melied fron: distilled crystals, It was
suspected that this impurity was thrown out of
solution during cooling, and that when the precipi-
tation cicurred at grain boundaries, it was the
cause of intercrystalline fractures. Sublimation
studies at 480 C in a vacuum of 0.005 micron in-
dicated the presence of thin films, believed to be
MgO, located at the grain bsundaries and extend-
ing in from the thicker film of MgQ thac forms the
outcr surface of the sample, 'The problem of pro-
ducing mctal or purifying it so it is free from such
impurities thus appears to be of basic importance.
Certain degrees of deformation prior to heat treat-
ment accentuate the propensity for the impurities
to separate at the grain boundaries where they are
harmful.

Although incompleteq, this project was not ex-
tendled because at that time, November 15, 1944,
it was felt that it could not be completed in time
to be of value in World War I1. Five progress re-
ports?T.MH0.00.81 pive the details of the experimen-
tal work, and a final report"? summarizes the results
of the investigation.

137 Status of Research on Magnesium
Alloys

In addition to the work donc Ly NDRC, con-
siderable research was carried out on magnesium
alloys during World War 11 by the magnesium pro-
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Jducers, the aiveraft indusury, the Armed Forces,
INACA, and OPRD. The NACA Committee on
I Materials Research Coordination compiled a listing
:;'uf these research projects and, in order to deter-
{mine the rescarch needs that required attention,
frequested the War Metalivegy Committee to re-
view the projects completed and being carried out
and to make comments and suggestions as to re-
scarch that should be undertaken.

In February 1945, the War Metallurgy Commit-
tee cstablished Survey Project SP-26, A Survey of
Research on Magnesium Alloy Being Conducted by
i Government Agencics, Branches of the Armed Ser-
vices, and Producers and Fabricators of Magresium.
The report on this project®™ comprises three major
sections: (1) a summary of the current and cur-
rently interesting research projects on magnesium,
(2) suggestions and comments on this research and
on magnesium, obtained from those interested in
the use of the metal, and (3) a recapitulation of the
first two sections, with suggestions as to which re-
search and development work appears to be most
necessary to make magiesium a more useful metal,

A digest of the report led te the following general-
izations of the rescarch needs in magnesium alloys:

I. The greatest need appears to be for improved
magnesium alloys for wrought products, especially
shieet. The features most desired for aircraft appli-
cations are: less sensitivity to stress-corrosion crack-
ing: higher mechanical properties, particularly ten-
sile and compressive yield strengths; lower notch
sensitivity; decreased ammability; greater ductility
and the ability to be cold-worked.

2. An observed impurity in “pure” magnesium
should be studied for its influence on the present al-
loys and on any new alioys which may be developed,
with the idea that this impurity may be potent in
determining the properties of these alloys. Methods
of removing or controlling this impurity during the
melting of the alloys should be investigated.

8. There is a need for the engineering develop-
meat of experimental units employing magnesium
to be used in cvaluating the serviceability of mag-
nesiumy structusal parts and 10 serve as a souree of
enginecring information for those interested in ap-
plying the metal.

4. The development of improved melting meth-
ods and molding techniques presents the best ap-
proach to the eventual production of higher quality,
lower cost, sand, permancnt mold, and dic castings.

To make available the information collected in
this survey to universitics and 1o other rescarch
agencies contemplating vesearch on magnesium al-
loys, in September 1945 the NACA Committee on
Materials  Rescarch  Coordination  requested  the
War Metallurgy Committee 10 appoint a special
committee to review the above-described report and
to point out where additional rescarch might be
warranted or where the scope of the existing proj-
cct might be expanded to advantage. An unclassi-
fied supplementmy report® was issued covering
the specific topics upon which research is recom-
mended. The NACA Committee on Materials Re-
scarch Coordination proposes to reduplicate this
report for wide circulation in order to promote
research on magnesium in the fields of greatest im-
portance at this time.

148 Indexing of Division 18 Reports
on Magnesium Alloys

An index% of the Division 18 reports on the mag-
nesium alloys was prepared by the Rescarch Infor-
mation Division of the War Metallurgy Committee,
This index covers the subjeci list of the various proj-
ccts with the reports issued on cach, a brief abstract
of each report, and a subject index of the reports.
Also included is a table of the commercial mag-
nesium alloy symbols and compositions. This index
should add to the uscfulness of the many reports on
the subjects.

14 MISCELLANEOUS MATERIALS

14.1 Control Cables

In December 1941, the Coordinator of Rescarch
and Development, Navy Department, suggested
that NDRC initiate investigations to develop air-
aaft control cables with improved wear resistance.
‘The cable which was being furnished to the Bureau
of Acronautics in accordance with Navy Specifica-
tions ANRRC-43 and ANRRC8 was fabricated
from 18-8 stainless steel or tin-coated carbon steel.
A number of failures had been reported after 100 to
150 hours in service, while in other cases the service
life was from 800 to 1,000 hours. The Navy Lepart.
ment was interested in determining the causes of
these failures as well as in developing satisfuctory
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cables from noncritical materials, A bricef program
of investigation was to be conducted at the Naval
Aircraft Factory o obtain some information on the
problem. Owing to time limitations and lack of
facilitics at the Naval Aircraft Factory, the program
could not cover the eatire field. Consequently, the
Office of the Coordinator of Rescarch and Develop-
ment reguested that NDRC undertake a compre-
hensive  investigation.  After meetings  between
reprosentatives of the War Metallurgy Commitree,
the Bureau of Acronautics, and John A. Rocbling’s
Sons Company, the largest producers of aircraft
control cable for the Navy, Project NRC-15 (N-101),
Corrosion-Fatigue  Failure of  Aircraft  Control
Cables, was established in May 1942 in the research
laboratories of John A. Roebling's Sons Company.

The original program embadied the determina-
tion of the clfects of compomsition and cperating
conditions on the performance of control cables as
shown by standard wire cable fatigue wests, corro-
sion fatigue tests, and low-temperature fatigue tests.
Since this original program was designed for the
development of improved cables using 18-8 stainless
steel wire and since the supply of alloying clements
fer stainless steel was becoming more critical, the
program was maodified to include the invostigation
of galvanized carbon steel cables, as well as cable
lubricants for low-temperature service. The pro-
gram was subsequently extendad 1o include the
determination of cable performance with actual
service loads and sheaves for the purpose of obtain-
ing data which could be used in the design of air-
craft control systems,

Among the various factors affecting the fatigue
failure of controi cabies are the tension on the cables
ay installed, the ratio of sheave diameter to cable
diamcter, the material of the sheave, the number of
wires in the cable and their arrangement within it,
the material of the wires and their surface (plain or
coated), the carrasive conditions to be met and the
protection against corrosion, the temperatures ie.
volved, and the lubricants within the cable.

The cable sizes investigated were 14 in., 3. in,
Na i, 3y i, and 14 ine in diameter with a 7 by
19 ;monstruction, and 344 in. with a 7 by 7 construc-
ticn. "The materials included 18-8 stainless steel and
carbon steel, bright, galvanized, tinned, and lead-
alloy coated. The galvanized cables were made of
wire with various weights of hot galvanized and
cleairogalvanired  coatings.  Standard  commercial

lubricants and special lubricants containing hithium
soap grease, mineral oils, paralketone neutral base,
rust preventative, and extreme pressure additives
were studied.

The fatigue and internal {riction properties of
cable as affected by corrosion in a salt atmosphere
and by temperatures ranging from 4160 F to —65
' were studied. The fatigue properties of cables
were investigated under normal laboratory condi-
tions with sheaves and loads similar to those used
in aircraft control systems. The results of these
tests with 1 per cent loads showed that under the
severe conditions of a salt atmosphere and at —G5
F, 18-8 stainless steel cables were the most effective.
However, without corrosion and at room tempera-
ture, carboun steel cables are equal to or better than
stainless steel cables. Service load fatigue tests
in the absence of corrosion showed that 18-8 stain-
less steel has a considerably lower fatigue life than
galvanized carbon sieel cables. Heavy galvanized
cables are the best of the carbon steel cables for
corrosion fatigue but have the poorest fatigue life
at —65 F. The tin-lead alloy and light zinc coatings
did not materially improve the corrosion fatigue
life of bright carbon steel cables. The tinned cables
had the lowest internal friction in the absence of
corrusion. Corrosion by salt spray increases the in-
ternal friction of tinned cables and decreases that
of heavy galvanized cables. The continuous flexing
of the cables during fatigue test in the absence of
corrosion lowers the internal friction of the galvan.
ized cables but not sufficiently to equal that of the
tinned cables. 'The internal friction of cables in-
creases with an increase in cable tension and a de-
crease in sheave diameter,

The fatiguc and internal friction of cables are
improved by the use of lubricants. The effectiveness
of lubricants is dependent upon the temperature and
the protection which they afford against corrosion.
The commercial cable lubricants are affected consid-
erably by temperature, whereas some of the greases
perform quite uniformly over the range of tempera-
tures investigated. Externally applied paralketone
(An-C-52) is very cffective in providing protection
against corrosion, but it becomes brittle at —65 F
and flakes off the cable where it bends over a sheave,

The service load tests with micarta and 248-1
aluminum alloy sheaves indicated that for a given
cable tension the fatigue life was satisfactory pro-
vided the ratio between the sheave diameter and
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cable diameter was above a critical value, The criti-
cal sheave ratio increases with the cable tension, For
a 1 per cent lead, the critical sheave ratio for 7 by
'Y galvanized cables is approximately 10; for 10 and
20 per cent loads, the ratio is approximately 20 and
28, respectively. The relationship between the visible
wire breaks and the average loss in strength was inves-
tigated, as well as that between the loss in strength
and the number of reversals in fatigue under various
load conditions for 7 by 19 galvanized cables. The
fatigue life of 7 by 7 construction cables with 1 per
cent loads is less than that of 7 by 19 construction
cables with the same loads and sheave ratios.

The AN-210 micarta pulleys operate satisfactorily
under relatively low service loads, but under higher
loads they fail by wear, splitting, or bearing failures.
The 24S-T aluainum alloy sheaves equipped with
large ball bearings operate satisfactorily under loads
up to 60 per cent of the specified cable strength.

The results of the investigation are suinmarized
in the final report'® on the project, while the prog-
ress reports present the many details of the inves-
tigation, covering integrai phases of the investiga-
tion as follows: the cffect of lubrication on fatigue
properties,%7 the cffect of metallic coatings and lubri-
cants on fatigue properties, the cffect of sheave
diameter on fatigue life,%® the effect of metallic coat-
ings and lubricants on fatigue and internal fric-
tion,™ fatiguc tests under service loads,” and mis-
cellancous tests and the examination of German
and Japanese aircraft cables.”

From the experiments made and data presented,
the mechanical details and the proper type of lubri-
cation for satisfactory service are made clear. The
choice of cable material will vary according to serv-
ice conditions. This comprehensive work has mate-
rially clarified the problems of design of control
cable installations an - the methods of testing the

cable to insure reliability and long life.

142 Surface Prestrescing of Metallic
Materials

During World War 11, considerable progress was
made toward the application of fundamental knowl-
cdgze to problems of practical significance. A char-
acteristic example of this type is the wide
application of surface peening, the basic theory of
which had been developed between 1920 and 1930
with little support from industry.

It has been known that cold working the surface
of a part greatly increases its endurance under con-
ditions of repeated stress, which are of such nature
that failure tends to start at the surface. In analo-
gous fashion, carburizing or nitriding the surface
increases its endurance as long as cracks do nou start
in the hard surfaces, However, it is known also that
the coid-worked surface can be over-cold worked
to such an extent that cracks are formed, in which
case the cold work can do more harm than good.

The advent of high-frequency surface hardeuing
and of flame hardening brought the realization that
surfaces can be hardened and strengthened by these
means much more rapidly than by cafburizing and
miriding.

Surface peening by impact of hard balls, the
“cloudburst hardening” method, had been used
more as a method of evaluating uniformity of hard-
ness than as a processing method for improvement,
though the latter aspect was given seme attention,

Springs normally are very highly stressed, and
their {atigue behavior is governed by the condition
of their surface. Automotive valve springs were es-
pecially prone to failure. In 1926, an epidemic of
valve spring failures in one motorcar was overcome
by shot peening. Shot peening of springs used for
individual wheel suspension on automobiles soon
followed with gratifying results. Surface peening
had proved to be effective in increasing the fatigue
life of some machine parts at their operating loads
by 200 to 1,500 per cent.

These commercial examples brought to the atten-
tion of the automotive industry the value of cold
working the surface of parts subject to fatigue, In
that industry, some individuals became enthusiastic
about the possibilitics of shot peening and, through
many articles in technical jowrnals, a missionary
campaign had been carried on for its more wide-
spread application.

In order to determine the possibilities and limi-
tations of surface peening for the improvement in
survice life of engine and structural parts of air-
planes, the Burcau of Acronaatics, Navy Depart-
ment, requested NDRC to initiate investigations
on the subject, Two projects were established, one
on shot peening and one on induction hardening.

Sxot PEENING

Project NRC40 {NA-115), Effects of Shot Blast-
ing on Mcchanical Propertics of Steel, was carried
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out by the Rescarch Laboratories Division of Gen.
eral Motors Corporation. The objective of this proj-
et way twofold: (1) to correlate and  develop
principles for the practical application of mechan-
ical surface treatments by a study of their effects
on the properties of different materials in various
sizes, and (2) o develop techniques for the mechan-
ical surface treatments of certain specific engineer-
ing parts such as engine connecting rods, propeller
blades, fusion steel weldments, landing gear cast-
ings, ctc.

For the most part, the investigation comprised
(}) the experimental shot peening of numerous
parts of military cquipment and a substantial num-
ber of laboratory specimens which then were tested,
largely in other laboratories, and (2) the assembly
and consolidation of pertinent data into case his-
tories, The cffeet of shot peening was determined
on fatigue durability, static strength, impact, dimen-
sions, hardness, fricton, stress-corrosion cracking,
corrosion, surface roughness, and surface failure.
Studies also were made of the shot-peening process
and equipment and methods of measuring the in-
tensity of peening.

‘The principal generalizations on the effects of
shot peening on the properties of various partsi3.74.
5,96 are as follows: (1) fatigue properties are
improved, (2) there is little fafluence on static
strength, (3) the cffect on resistance to impact is
not determined fully, (4) the efiect on hardness is
not established fully, although there is an indica-
tion that hardness may be increased slightly, (5)
frictionai properties of sliding surfaces are some-
what affected, (6) the tendency toward stress-corro-
sion cracking of brass and magnesium alloys is
restuced, (7) general corrosion is not reduced, (8) the
roughness of the surface of shot-peenced steel varies
in depth up to 00040 in. depending upon the shot
size and peening intensity used, and (9) its influence
on surface failures such as pitting, gatling, scufling.
scoring, and fretting corrosion is not yet established.

A major difficulty in the application of shot peen-
ing has beew knowing wiaien to siop, that is, ascer-
taining to what degree peening should be carried
to secure optinnn results and yet to preclude over-
cold working and the starting of cracks. This is
still a difficulty, and the performance, in actual or
simulated service. of parts peened to diflerent de-
grees is the final criterion. Once this is kaown,
directly or by analogy, the degree of peening can
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be regulated to produce the optimum by subjecting
one side of a standard test strip of a standard steel
to the intensity and time of peening it is desired to
use on the part in question and by noting the
amount of bowing that is produced.

The conditions of greatest applicability of sur-
face cold working cucur where a part is failing after
relatively few applications of repeated stress, the
stress being at a very high level, considerably above
the endurance limit of the material. Such high
stresses may have to be applied because of an initial
design error, and because space limitadons permit
no opportunity to redesign to bring the stress down
to a proper level. However, a limited life may be
accepted for the sake of saving weight. Because of
this, the comparisons of peened versus nonpecned
parts are often made at a single level of repeated
stress in terms of life at that stress rather than over
a range of stresses such that endurance limits would
be determined. In terms of life, a stress often can
be chosen just above the knee of the fatigue curve
such that the increased life appears most phenom-
enal and spectacular, but around the knee of the
curve, duplicate determinations often show very
wide scatter and more than a few tests are needed
to establish the true life expectancy. While a selec.
ted test stress may, therefore, give an exaggerated
picture of the real imprc vement, there is plenty of
evidence that in the cases where surface hardness is
helpful, the improvement is decidedly werth while,

After the project had been in progress about a
year, it became evident that the practical achieve-
ments were contributing more to the war cffort
than the more fundamental research work. There-
fore, cmphasis was shifted to “trouble shooting,”
namely, (1) giving service to war production plants in
overcoming failure of machine parts by surface treat-
ment, thus aveiding changes in design or tool equip-
ment, (2) increasing the fatigue strength of machine
parts, thus permitting increase in power input, and
(3) reducing the labor in finishing machine parts
by climinating polishing and manual operations.

A few applications were not helpful or were of
doubtful value. Magnesivm alloys subject to stress-
corrosion were shot peened, but particles of iron
from the shot greatly accelerate general corrosion and
are difficult to remove. The remedy was 10 ase glass
beads instead of iron shot. Shot peening of light
armor plate did not improve its ballistic behavior.
On some parts of a severely notched contour, tested
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in impact, the hardening of the surface was no help.
On others, more smoothly contoured, it was useful,
one peculiar case being a carburized pitman arm ball
on which the impact was not improved at room
temperature but was greatly improved at —60 F.

A malleabilized iron, engine valve rocker arm,
which failed on engine tests in 18 to 58 hours when
nonpeened, consistently survived  140-hour  iests
when shot yeened.

A spectacular result was obtained in a laboratory
tension-compiession fatigue test on Allison engine
eonnecuig rod bolts where, by cold rolling the
threads and shot peening the balance of the bnly,
the life under the particular test conditions was in-
creased 16 times.

Ocrlikon gun hammers of regular production
failed in 8,000 to 30,000 rounds, while those shot
peened lasted 20,000 to 40,000 rounds. The aver-
age life of several parts for a 20-mm AN-M2
gun were doubled or more by shot peening. In
general, the shortest life for the peened part was
somewhat greater than the longest life of an un-
peened one, but the scatter was wide in both cases.

A recoil spring heat treuted to 61-63 Rockwell C
failed in about 5,000 cycles, When shot peened, it
withstood 460,000 o 7¢0,000 cycles.

Articulated Pratt & Whitney connccting rods,
laboratory tesied, were compared (1) with rods
which had the usual highly polished finish and (2)
with rods which were rough polished, then shot
peened. At a calculated maximum stress of 90,000
psi, the former ran 80,000 to 100,000 cycles, the lat-
ter, 90,000 te 240,000, At 80,000 psi, the former ran
200,000 to 400,600 cycles, the latter, 400,000 to
1,000,000, During the shot peening, the diameter of
the 1-in. and 114-in. holes in the connecting reds in-
creased by about 1/10,000 to4/10,060 in. and the 9-in.
overal! length increased by some £0/10,000, evidence
that compressive stress was induced at the surface.

It is argued that this compressive stress provides
increased resistance to fatigue failure, since it is
tensile stress (tending to open and extend a crack
once formed) that produces the damage, whereas,
if compressive stress is present, that stress must be
released by the applied tensile stress, thereby de-
creasing the cffective tensile stress. It is argued also
that it is this compressive stress rather than the
strengihening of the surface that confers improved
fatigue resistance. The results from some of the case
hiswiries demonstrate rather spectacular improve-
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ment. In other cases it is a tossup whether any im-
provement has been effected. In a few cases actual
deterioration occurs, as in a case of a final drive
pinion carburized and treated to 58-65 Rockwell C.
On the other hand, a carburized ring gear at the
same hardness was rauch improved. On torsion bars,
surface rolling was equivalent to shot peening.

An enthusiastic “missionary” attitude prevailed
throughout the reports, and on the whole this was
justified. Specific exceptions bring out the impor-
tance of avoiding over-cold work, the existence of
scatter, and the necessity of putting the peening
aperation under close control.

A factor to consider is decarburization, which is
extremely damaging in fatigue, this damage not
heing cntirely repairable by peening. In evaluating
the benefits of peening, concurrent attention must
be paid to decarburization.,

One of the useful conclusions to be drawn from
the assembled case histories is that some improve
ment ordinarily is to be expected from the treat.
ment, but there are sufficient exceptions to prevent
its being classified as a cure-all. Especially where the
life of unpeened parts shows a wide variation, the
causes of that scatter are not necessarily overcome
by peening, so that there also may be cerrespond-
ingly wide scatter in the life of the peened parts,
Experience with large numbers of tests and evalua-
tion of the data from the probability point of view
would be required to appraise such cases accurately.

In July 1944, the Office of the Chief of Ordnance,
Army Service Forces, requested NDRC to under-
take the preparation of a manual on the shot peen-
ing process and its effective application for the
guidance of design engineers. This project, OD-177,
was not undertaken since there was insufficient time
or personnel to carry out the more important
phases of the original program and prepare the
manual as wed, The Research Laboratories Divi-
sion of General Motors Corporation recognizes the
need for such a manual, however, and plans to pre-
parc one when time pesmits.

Innucrion HArRbENING

To augment the studics of surface pre-stressing by
shot peening, Project NRC-78, Study of Surface Pre-
Stressing on Dynamic Properties of Metals, was estab-
lished in the research laboratories of the General
Electric Company. The aim of the program was to
study the effects of JdJame and induction halening,
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carburizing, nitriding, cyaniding, ctc., on the fatigue
fife of varicus metal parts of war materiel. Since the
progress was not encouraging on the initial phase of
the program, which consisted of experimental induc-
tion heat treatments on SAL 1050, X1050, and a
chromium-aolybdenum steel, the project was aban-
doned. It was indicated, however, that the fatigue en-
durance limit is inereased by 50 per cent and that the
origin of fatigue failures in induction-hardenied bars
is sub-surface, It was found also that induction hard-
ening produces tension in the center of cylinders and
compression at the surface, The report on this work
was not issued beczuse more comprehensive informa-
tion of this nmature can be found in the technical
literature on induction hardening.

1.4 Methods of Testing Aircraft

Materials

The test methods used by industry for evaluating
the various materials used in aircraft construction
frequently vary considerably from thase used by the
testing andd procurement agencies of the Army Air
Forces and the Bureau of Acronautics, Navy Depari-
ment, In order to promoes the standardization of
these test methods, the NACA Committee on Mate-
tials Rescarch Coordination requested the War
Metallurgy Committee to review and compile the
test methods currently in use ac the Materials Labo-
vatory, Engincering Division, ATSC, Wright Field.

Accordingly, Survey Project SP-24 was established
and carried out, Twelve NDRE reports were issued
covering the test methodz used at Wright Field on
various aircraft materials, as {ollows:

Par¢ I Test Metheds of the Structural and
Mechanical Test Branch.

Part Il Test Methods of the Metallurgical
Branch.

Part I Routine Chemicai Anaiysis Methods
of the Physics Branch.

Part IV Test Methods of the Waod and Glue
Branch.

Part 'V Electrochemical Methods of the Chem-
tcal Branch,

Part VI Physical Test Methods of the Physics

Bresich,
Part VII  Tese Methods of the Welding Branch.
Part VIII Textile, Paper, Leatker, and Fungi.
cide Test Methods of the Textile and

Rubber Branch.

Part IX  Fuel and Lubricant Test Methods of
the Chemical Branch.
Part X  Paint and Protective Coating Test

Methods of the Chemical Branch.
« Part XI' Rubber Test Methods of the Textile
and Rubber Branch.
Part XIU Titie Index of Parts I to X1, Inclusive.
These reports are unclassified and werce distribu-
ted widely throughout the aircraft industry as well
as to the Armed Services. In addition, the Mzaterials
Laboratory of Wright Field has reduplicated these
reports for distribution to suppliers of aircraft mate-
rials so that they may utilize in their own testing
the metheds by which their materials will be evalu-
ated by the Army Air Forces. -

144 Fatigue of Aireraft Structures
and Materials

Both laboratory tests and service experience have
demonstrated that a structural material will fail
after many repetitions of a stress which is substan-
tially less than the sivess at which failure eccurs un-
der continuously increasing load. Such failure under
repeated loading is catled failure by fatigue. Since
aircraft structures particularly are subject to vibra-
tion, impacts, and other repetitive loads, it is rea-
sonable to anticipate the failure of some aircraft
parts by fatigue.

Present aircraft structural designs are based upon
static load distributions and generally have afforded
adequate fatigue strength in primary structures.
Prior to 1939, few failures had accurred in which
fatigue was a primary cause, and in no instance had
it been proved that any airplane wing spar or air-
ship structural girder had failed in service owing to
fatigue. Fatigue failures, noied since then, have
been very few in proportion to all known aircraft
failures. -

Nevertheless, present trends in modern airplane
design may lead to greater danger of fatigue failure
in the near future. Higher speeds, increased wing
loading, and in military plancs increased fire power
and mancuverability tend to produce greater dy-
namic loading. The use of new materials which
have higher static strengths, but which do not have
proportionately higher fatigu. strengths, increases
the possibility of failure of parts by fatigue. Radical
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changes in design, as may occur in jet-propelled
ships or in rotary-wing aircralt, need to be consid-
ered in the light of dynamic loading and possible
fatigue faifure of parts. ,

To determine the extent and na.. ¢ of the avail-
able information on the fatigue properties of ma-
terials and structures in aircraft so that rescarch
needs could be ascertained, the NACA Commiittee on
Materials Research Coordination requested the War
Metallurgy Committee to review the published and
unpeblished information availablc from aircraft
companies, manufacturers, and other laboratories.

To carry cut this survey, the War Metallurgy
Committee established Survey Project SP-27, Fa-
tigue Properties of Aircrafc Materials and Struc-
tures. Although there nad been many instances of
fatiguc failures of attachments and fittings which
are not structurally important, the study was lim-
ited to the primary load-bearing structure of thc
airframe. Engines and propellers also were ¢initted
because of the considerable amount of readily avail-
able information concerning the fatigt @ properties
of their materials and parts.

More than 1,000 references were reviewed from
the library of Battelle Memorial Institute, from air-
crait manufactupers, and from other laboratories.
Of these, about 600 concern the fatigue properties
of materials. Fewer useful references were found

concerning the fatigue properties of airframe struc-
tural elements, repeated-load tests of assemblics,
and service loading of aircraft structures.

Part I of the report on this survey?™ summarizes
available information concerning the fatigue prop-
erties of materials communly used in airframe con-
struction. This suramary is designed to indicate the
extent of available information rather than to offer
a handbook of design values. For many dctails, re-
ference is made to available publications.

Part Il summarizes the results of fatigue tesis on
fabricated parts, on simple joints, and on stificned
pancls. Although actual stress values usually are not
known, the tests are of considerable interest because
they include the effects of the stress raisers and sur-
iace conditions encountered in production.

Part IIT describes resulis of typical tests of struc-
tural assemblies under repeated loads. Such tests in-
clude an additional factor of importance in service,
namely, the deflection characteristics of the struc-
ture under the dynamic loading applied.

Part 1V of the report discusses the correlation of
information fiom laboratory fatigue tests with in-
formation from service records of joading during
flight and lardings. This discussion does not con-
tain definite conclusions for use in design, but sum-
marizes available information and points out prob-
lems for future consideration.
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Chapter 2
ARMOR

21 INTRODUCTION

=5 ALY 1N 1912 the War Metallurgy Committee ini-
h tinted several vesearch projects in the metaturgy
of armor as a result of the reecommendations of the
NDRC ad hoc Committee on Armor Plate in its
report to Dr. James B, Conant, dated November
18, 1941.7% These projects comprised studics on in-
vestigations of the effects of hydrogen, oxygen, and
nitrogen in armor plate, the correlation of the
metallographic structure of armor plate hardness,
and the developmert of a nonballistic test for de-
termining armor plate quality. At the same time, a
comprehiensive investigation of fundamental prob-
lems in production and heat wreatment of armor
broughit about by the critical shortages of the alloy-
ing clerents used in armor plate at the beginning
of World War Il was initiated at the suggestion of
Watertown Arscnal. Starting with problems of con-
servation and substitution, this work included stud-
ies of the influence of melting practices on the
vesultant armor, the effects of various clements on
the quench-cvacking susceptibility of cast armor,
the eficcts of heat treatments on the properties of
homogencous armor plate, and the development of
improved methods for the production of homogen-
cous armor plate and of face-hardened armor plate.
Supplementary projects were established for a more
detailed investigation of other problems such as the
use of boron as a hardening clement, the use of
flame hardening, and the development of low-alloy
asmor compositions. All this work was carried out
in close cooperation with Watertown Arsenai and
with the Subcommittees on Cast and Rolled Armor,
Ferrous Metaltwigical Advisory Board, Ordnance
Department, the membership of which included
many representatives of the various producers of
cast and rolled armor, as well as government repre-
sentatives. Reports on this work were distributed
to the members of these subcommittees at the re-
quest of the Ordnance Department.

22 CORRELATION OF TECTING
METHODS

Determining the suitability and acceprability of
armor by ballistic testing at the Proving Grounds

is an expensive and time-consuming task. The test
has been appraised by those in position to know it
as “arbitrary and not sufficiently discriminating.”
If more precise ballistic tests or some simpler
method of evaluation couvld be found whose corre-
lation with actual ballistic tests were definitely and
fully established, the development of better armor,
the proving of suitability of alternate, alloy-saving
compositions, and the prompt acceptance or rejec-
tion of armor would be facilitated,

As a result of the recommenaauons of the NDRC
ad hoc Committee on Armor Plate,™ the War
Metallurgy Conwnittee established at Carnegie In-
stitute of Technology Project NRC-6 (01-84), Non-
Ballistic Test for Armor Plate. The investigations
inade on this project established a rough corrclation
between poor ballistic behavior of rolled homogen-
cous armor of 114-in. and 2-in. thickness and cither
the reduction in arca on specimens taken in the
thickness direction or the low energy absorption of
normal-size notched impact specimens broken at a
low temperature, That is, with certain reservations,
the conclusion was reached that good ballistic be-
havior is characteristic of rolled homogencous armor
plate in which the reduction of area in the thick-
ness-tensile test is consistently greater than 30 per
cent and the Ve-notch Charpy values exceed 25 ft-1k
at minus 40 C, whereas plates in which the reduc-
tion of arca in the thickness-direction tensile test
[alls below 10 per cent and the Ve-notch Charpy
values at minus 40 C are less than 17 ft-lb will be
rejected by ballistic tests, ™

‘These conclusions are valid only when the failure
to pass Specification AXS 488 is caused by cracking
or because the exit dimension in the penetration-
through-plate test is in excess of the specification
limit. Furthermore, they are applicable only when
the uniformity of a lot of armor plaxe has been
cstablished by an adequate number of both types
of tests. These conciusions do not apply to badly
laminated plate for which the propertics are known
to be widely diffrrent at different points, nor to lots
of plate which for any other reason are markedly
nonuniform.

Some theoretical justification of these conclusions
was claimed on the grounds that high impact
velocity allows little deformation and in low-tem-
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perature tests deformation is likewise restrained.*
However, consideration immediately brings out a
significant lack of similiarity in the two cases, for,
when a projectile hits armor, the spot becomes ex-
trancly hot, a condition which is lacking in
notched-kar tests.

In any cvent, the assumption oi a basic correla-
tion rests on inadequately demonstrated grounds,
since cases are on record where armor which the
impact test would reject passes ballistic tests and
vice versa, Therefore, it must b concluded that a
nonballistic test sufficiently discriminating to dif-

fcrentiate the acceptable from the unsatisfactory

armor was not developed on this project.

However, the indications are that a 114-in. or 2-
in. plate with less than 10 per cent reduction of
arca (averages of six specimens) in specimens taken
normal to the plate will fail by back spalling, that
is, the exit dimension in penetration will excced
the specified limit, Such plate could be rejected
without ballistic test. Plate with values of 30 per
cent or over will not fail by back spalling and, if
there is adequate evidence that such a plate would
have proper resistance to penctration, ballistic test-
ing wmight be omitted, provided that the plate were
also resistant to cracking, Cracking is not necessit-
ily prevented by high ductility. Plates with 59 to
60 per cent reduction of area on specimens taken
normal to the plate have failed by cracking, while
others with 15 per cent reduction of area have been
accepiable,

Cracking showed a fair correlation with notched
impact behavior. Data from standard Charpy V-
notch specimens, taken with the long axis in the
width direction of the plate and the notch in the
thickness direction and at —40 C indicated that
plates with over 25 fe-lb Charpy value will be free
from cracking, while those under 17 ft-Ib usually
are not. There was no correlation betweep notched
bar results and spalling.

It is recognized that the spread in energy ab.
sorbed between plates that have been accepted and
those that have been rejected is at times small in-
deed. It 1s well known that the type of fracture,
whether fibrous or brittle, is of quite as much im-
portance in cvaluating notched behavior as is the
numerical figure of ft-lb of energy absorbed. One
important advantage of the notched-bar test using
cither the smail Charpy specimens or the fracture
specimen recommended bv Army Ordnance is that

the type of fracture, whether fibrous or britde, is
readily disclosed.

Various other lines of attack failed to show any
correlation between the other mechanical proper-
ties and cracking or spalling. Only the two prop-
ertics mentinned held forth any promise.

It must be recognized that an insufficient number
ol plates were tested to allow evaluation of the data
by prob