











1.

3.

Alloy Conservation Program

Brittle Fracture in Ballistic Tests at Lov Temperature
Nonballistic Tests

a. Fibre Fracture Test

b. TYrasture Test for Steel Soundness

c. Notched Bar Tensile Impact Test

d. DNotched Bar Tensile Test und Static Tensile Test
e. Notched Bar Impact Test

Cast Armor Development Program

Temper Brittleness in Armor

Afreraft Armor

Examination of Domestic iArmor

Helmet Programs

Body Armor Programs

© M s e



Alloy Conservation Program

When, in Fedbruary 1942 the WFB notified the cast and rolled
armor industries of expected scarcities of Ni, Cr, Mo, and ¥V, meetings
of the armor subcommittees were immediately called and plans made for
the developmeat of low alloy compositions capable of meeting the ballistic
specifications. Data presented by Watertown Arssnal and by the individual
produgers were used as the basis for selection of the compositions. During
the months of March and April several hundred cast and rolled ballistic
test plates 1%, 18%, and 2" thick were produced, heat treated and ballis-
tiocally tested. Numsrous samples were forwarded to Watertown Arsenal
where the compositions were evaluated with respect to hardenabdility,
weldability, and microstructure. In addition, ths results of the dallistic
tests vere analyszed. Eight reports covering the metallurgical and
ballistic angiyses were distributed to ths industry through the Ferrous
Metallurgical Advisory Board betwsen the months of April 1942 and
January 1943, From the examinations made at Watertown Arsenal it was
concluded that drastic vater quenching treatments were necessary to hardsn
the low alloy steel compositions employed, that vanadium could be entirely
elininated from armor steels, that chromium could be reduced from a maximum
of 3% to a maximum of 0.60%, that nickel could be reduced from a maximum
of 2.5% to a maximum of 0.60%, that molybdenum could be reduced dy approx-
imately one third, and that manganese, vwhich was not a critical element,
could de increased to provide adeguate hardenability in the low alloy steels.

Ballistic failure of low alloy armor plates examined at
Watertnwn Arsenal were traced to -

l. Inadequate hardenability.

2. Poor quenching practice, resulting in rejection of
ferrits and pearlite.

3. Poor steel quality; excessive laminations in rolled
armor and interdendritic inclusion networks in cast armor,
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various rolled arsor asnufacturers by a member ef this laboratory. Numerous
samples of armor which failed and passed the PTP bdallistic test which is
designed to reveal spalling tendencies were forwardied to this arsenal for
examination., The examination consisted of fracture tests, metallographic
exanination, macroetch tests and magnaflux tests, vheredby it was revealed
that laminations were traceable to segregation of elongated nonmetallies
inclusions. As & result of the tests performed it was decided that the
fracture test provided the most useful and interpretabls gage of the baock
8palling tendenciss of rolled armor. Fracture standards were developed

at this arsenal upon the basis of the ballistic hehavior of tho samples
inveatigated. The incorporation of the Fracture Test for Steel Soundness

in rolled armor specification AX8-US8, Revieion 2 was proposed in August 1943
and made mandatory in November 1943, A course in the application, philosephy,
and interpretation of this fracture test was conducted at Watertown Arsenal
in September 19’4} for the benefit of the crdnance inspectors of rolled armer.

The Fracture Test for Steel Soundness has produssed an awarsness of the
importance of steel cleanliness in armor and has resulted in a general
incresse 1n the level of gquality of rolled armor. Several manufacturers have,
as a result of this fracturs test, changed thelr deoxidation and ingot prac—
tice to improve their product sufficiently to meet the requirements of the
test.

3. Tensile Impact Test

At the request of Mr. G. S. Mikhalapov, Supervisor of Welding Research,
Hational Ressarch Qouncil, this arsengl mvutigatpd the application of
the unnotched tensils impact test as an indicator df the ballistic quality
of rolled homogeneons armor. Tests performed upon armer sections of warious
ballistie ocharacteristics indlicated that no correlatitvn exists besween the
tensile impact propertiea of armor at room temperature and 1ts ballistie
properties. Neither was a correlation observed between tensile impast
properties and hardness. The results of this investigation were reported in

July 194%3.

k., Notched Bar Tensile Tests and Static Tensile Tests Across the Oage of
FoTTed Armor

Tests conducted at Carnegle Ingtitute of Technology under NRC-6 showed
a 2004 correlation between the back spalling and oracking tendencles of
rolled armor and the ductility as measured by a static tensile test across
the gage. Tests were undertaken at Watertown Arssnal to determine if staties
tensile tests in the longitudinal and transverse directions and notched bar
tensile tests in ths longitudinal and transvsree tsets aleo correlate with
bask spalling and oracking temdencies. It was corcluded that physical tests
of the types desoribed show evidenoce of correlation with the ballistic
behavier of relled armor, but that these tests are 90 expensive asd time-
consuming as compared to easily performed frasture tests that ths physical
tests are useful only as asademic research tools wvhereas the fracture test
1s 14sally applicable for inspection and specificatien purposes. The results
of this investigation were reperted in February 1944,



5. HNotched Bar Impact Test

The firat demonstration at ¥atertown Arsenal of a good correlation
betwesn ballistic behavior and V-notch Charpy impact properties was observed
in an investigation of 4® to 6" thick gun shield armor which was published
in May 1943, Subsequent investigations concerned with the dsvelopment of
the Pibre Fracture Test, the Shilo Cold Test Program, and numerous samples
of production armor forwarded to this arsenal from ths Ordnance Research
Center and by various producers of cast armor have provided a lavge amoun$
of data which demonstrate the excellent correlation between the dehavior
of armor under ballistic shock tests and 1its notched bar impact properties.

8inge a good correlation exists betweemn the results of the FPibre Fracture
Test when applied to armor up to approximately 4® in thickness and the notched
bar impact propertiss of armor, the Fitre Fracture Test is preferred for the
routine inspection of production armor sinse it is simpler, less costly, ahd
sore rapldly performed than are impact tests. Hensce V-motch Charpy tests
were never advocated ae a specification test for light armor.

In October 1944 this arsenal was requested by ths Office, Chief of
Ordnance-Detroit to formulate a non-ballistic specification for the proocure-
ment of armor in thicknesses in excess of 6%, A non-ballistic specification
was made necesesary by the lack of sujtable armor-piercing projectiles of
sufficient caliber to provide a good ballistic test of very heavy armor,

The Fidre Fracture Test could not be applied to these heavy sections decaunse
the hardenability and temper brittlenesc problems becomes so extreme in heavy
sections that 1t becomes virtually impossidle to produce fibrous fractures
throughout the cross section of hsavy armor at the hardnesses considered
desirable. Since the Fidbre Fracture TPest is inapplicable when completely
fibrous fractures cannot be obtained, the specification of minimum V-noteh
Charpy impact requirements was considerad the most satisfactory means of
controlling shock properties,

A specification for 4®-12% thick cast armor was propoeed in March 1945
and one for L¥-12% thick wrought armor in April 19%5. A comprehensive
program of notched bar impact testing of 4# €% 8%, 6 10* and 12* thick cast
armor produced by the various mamufacturers of heavy cast armor was initiated
at Watertown Arsenal. Preliminary results were reported to the Office, Ghief
of Ordnance-Detroit and to the cast armor producers in a mseting held in
Detroit on 1 June 1945,





















BODY ARMOR

In the spring of 1943 a program of development of Flyer's
Protective Armor was undsrtakem by the Ordnance Departiment. The opinion
of this laboratory was asked concerning factors to be csontrolled in the
procurement of steel for armor components of body armor assembliss.

On 10 July 1943 it was recommended by this laboratory that
Hadfield mangsnese stesel de used if its chemistry, gange, surfaoce condition
and heat treatment as well as its mechanical, ballistic and nen-magnetic
characteristics were carefully controlled.

Netallurgiocal and ballistic investigation ef samples of the
steel being used in body armor assemblies indicated that much of it was
prebably of poor quality and on 17 December 19U3 1t was urged that unless
an adequate specification for the steel to be used vas immediately set up
and rigidly adhered to, proper pretection of personnel ocould not de

guaranteed.

On 17 September 1943 the first draf$ of sush a specification
(AX8~1170) was prepared at this laboratory and after several conferences
vith repressntatives of Ordnance and industry it was adopted officially
on 10 January 1944. An amendment incorporating later knowledge vas adopted
on 24 February 194M.

In the cemmunieation of 10 July 1943 it was also recommended
that immediate steps be undertaken to determine the ocomparative resistance
of Hadfield mangansse steel and certain non-ferrous alloys to perforation
Yy astual fragments of high-explosive shell, since other work being done
at the laboratory indicated that certain aluminum alloys and even Dowmetal
should afferd resistance superior to non-magnetic steel. The latest
results of actual fragmentation tests indicate that several nom-ferrous
alloys have higher resistance to such attack than Hadfield manganese steel.

Projectiles were dsveloped here between December 1943 and
Podruary 1944 to simulate in a simple, reproducidble and measurable mamner
the impact of actual fragments of high~explosive shell. One such projectile,
the caliber .22 37, has been adepted as an official preof projectile and
is being used to determims the centrol of quality of material submitted
under Specification AXS-1346. At the suggestion of this laboratory a new
applicaticn of the quality comtrol technique was made to the ballistic
testing of body armor material, and is included in the latest version of
that specification, dated 18 April 1945,

Scores of materials - steels, non-ferrous alloys, laminates
aad fadrics - have been tested fer their resistance to fragment-simulating
prejectiles and calider .Y5 ball projectiles. While, as yet, no satisfactery
correlation between ballistic limit tests and actual fragmntation tests












NBC PROJECTS

Watertown Arsenal Direct Liaison

MRC-4 - Effects of Hydrogen, Nitrogen and Oxygen in Armor Plate

NRO-5 - Qorrelation of Metallographic Structures and Hardness Limit
in Armor Plate

NRO-6 - Nomballistic Test for Armor
NRC-1R - Iov Alloy Steels for Armor
NRO-23 - Flame Hardening ef Homogemeous Armor Plate

NRC~-31 - Investigation of Boron in Armor Plate

¥asertown Arsenal Not Direct Liaison

ERC-2% - Manufacturs and Welding of Faoe Hardened Armor
TR0-29 - Manufascturing and Welding of Homogeneous Armor Plate

ERG-30 - Manufacturing and Welding of Case Carburired Armor
Plate from Non—allsy Steels



EBC-4 - Battelle (Nov. 1942-Oct. 1943)

Effects of Hydrogen, Nitregen and Oxygen in Armor Plate

Reports published under this project included (1) the study of
fractional vacuum fusion analyses of armor plate samples and (2) the results
of an investigation of intergranular fracture found in cast armor steels. It
was shown that value of the study of gases in armor steels was zlight since
it was indicated that very few ballistic difficulties were associated with
excessive gas contents. It is noted that an opportunity was lost by the
investigators to study the effect of gases on temper bdrittleness susceptibility
during the progress of this report. Th, results of the investigation on
intergranular fracture in cast armor include the factors producing the
intergranular frasture and steps which may be taken to eliminate this type
of fracture. This information was of particular value to about two cast
wreor manufacturers who produced cast armor having fractures of this brittle
type. On the other hand, it was the result of Watertown Arsenal research
that demonstrated that intergranular fractures were related to poor physiocal
and ballistic properties.

3ix reports were published under Project NRC-U.
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NRC-5 - Battelle - Nov. 1942-Octeber 1943

Correlation of Metallographic Structures and Hardness Limit in Armor Plate

This project was covered by eight reports. The project consisted
of two investigations, as follows: (1), metallurgical examination, including
metallegraphic examination, low temperature impast testing, and Jominy end
quenoh tests, of passing and failing (dallistically) 17, 1$%, and 2° cast
and rolled plates and (2), heat treatment of forty-feur §* rolled plates %o
various hardness levels by full quenching and tempering, intercritical quench-
ing, and partial isothermal transformation foellowed by tempering to several
hardness levels; ballistic testing of the plates with eal. .30 AP M2 projectiles
for resistance to penetration and with cal. .50 AP N2 for PIP testing, and
finally metallurgical examination of the plates.

The first phase of ths project was essentially a duplication of
investigations previously made by the Armor Plate Department of ¥Watertown
Arsenal on correlation between ballistic performance and metallurgical charss-
teristics of cast and relled armor and, although confirming work perfarmed at
Vatertewn, did not contribute nev kmowledge or concepts about the subject
under investigation. The results of the Battslls Investigations wers reported
in reports dated 15 July 1942; 15 October 1942; 1 March 1943; 21 May 1943; amd
probadly October, 1943. (Correspending and preceding ¥Watertown reports, whish
were much more informative and pertinent than the Battelle reports (such as,
for instance, by the application of the fibre fracture test in a report dated
16 August 19{&3). vere issued on the following dates: 25 April 1942; 16 1942;
4 June 1942; 24 August 1942; 7 October 19h2; 21 January 1943; 19 March 1943;
and 16 August 1943.

The conclusions drawn for the seccnd phase of the project did not
affect production practios since it had been previously considered that
tempered martonsite was the optimum microstrusture for armor plate. MNoreover,
recent investigations have contradicted ths conclusions made that tempered
bainite micrestructures are better than tempered martemsite for resistance
to penstration.






NHRO<14 - Battelle (July 1942-To Dete)

Improvement of Low Alloy Armor Steel

The project NRO~14 was divided into fifteen parts covering several
Phases of armor research undertaken, in general, to add to the metallurgical
knowledge of the armor industry and the Ordnance Department.

A literature survey and subsequent investigation revealed that dorem
is effective in increasing hardemability without impairing ths mechanical
propertiea. Since the results of these experiments in small sections showed
promise im tests ocompleted in March 1943 a more complate investigation was
set up under NRC-31.

The effacts of a wide variety of homogenization treatments were
determined on two-inch thick commercial cast armor. Pive plates were investigated
and the results publighed in March and May 1943. It was found that there wvas
no significant effect upon the bhardenadbility or mechanical properties as a
reauls of the homogenizing treatments employed. This information confirmed the
fact that short homogenising treatments were satisfactory for low alloy armor
steels. However, the cast armor industry had already reduced their homogenisa-
tion cyoles when they changed to low alloy steels in 1942, and the cycles were
not changed as a result of this investigation.

In September 1943, an investigation was completed on a method of
oontrolling the maximum carbon content in the carburized case of face hardened
arsor by the addition of a chloride and a silicon bearing material to the
carburizing ocompound.

An investigation on the effect of 1% nickel upon the low temperature
notched bar toughness of low alloy armor steels was conducted detween September
and November 1943 and completed in February 1944, Although there was a wide-
spread opinion that nickel improved the low temperature impact properties,
this investigation showed that in heat treated steels no improvement in tough-
ness results from the addition of 1% nickel other than that resulting from an
increase in hardenadility. This work corroborated the results of the metal-
lurgioal investigation condusted earlier in the year 1943 on the plates subjected
to low temperature ballistic tests at Camp Shilo, Canade. In this latter
investigation by Watertown Arsenal, it was shown that chemical compogition per se
asused a relatively minor effect upon toughness as compared to hardenability
and heat treatment efficienay.

A statistical study of the mechanical properties of various low
alley armor ocompositions wvas wmdertaken and the resalts published im March 1944,
This investigation was condnoted at several hardness levels on steels heat
treated im small sectione. This study revealed that short drav times yieldsd
the best properties in steels susceptible to temper brittleness and that there
is a gradual drop in impact properties as the testing temperature 1s reduced.
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NRC~31 - U.8., Steel, Bureau of Standards, Battelle (Nov. 1942-Apr. 1945)

Inn-tiinuon of Boron in Armor Plate

This project included two investigations, namely -

(1) Iafluence of borom on some properties of experimental
steels oontaining 0.3% C and varying amomts of
manganese, chromium and molybdenum,

(2) Investigation of borom in armor plate.

The obJject of investigation No. 1 was to determine the influence of boron
additions with ferrocarbon and grainal No. 79 om the structure, grain sise,
hardenability and notch toughness at room smd lov temparatures of experimental
steels of the type noted above. The hardenability due to boron varied with
the base composition, the amount of boron retained and the composition of

the addition agent. It vas determined that, in general, sdditions of 0.0007
to 0.001 percent boron were more effective than 0.0015 to 0.006 percent snd
the additions with grainal No. 79 were more effective than with ferrocarbemn.
The notoh toughness at room and low temperatures of fully hardened and
tempered steels was not appreciably affected by relatively small additions

of boron, whereas the notch toughness of many of the steels with high dboron
vas inferior to that of the steels sithout boron. The results of this work
ingreased our basic knovledge on ths sffect of boron on the properties of low
alloy steels.

The investigation No. 2 presents the results of determinations of
grain sise and normality, inclusion rating, hardensbility and temnsile and
endurance pr. perties of several commercial boroa containimg carbon steels
and HEGHOO type steels. Ths results of this investigation presented very
1ittle mev information and were of esssentially no wvalus to industry or to
the Ordnance Department.

Fifteen reports vere published under project MRO-3l.

RPN Y I 1] T TR R o






NRC-29 - General Motors (Sept. 1942-Mareh 19%4)

Namufacturing and lolunigf nonglmom Armor Plate

The results of this investigation were reported in Part I azd
Part 1I.

Part 1 dsals with the manufacture of mashinable and high hardness
homogeneous armor from borom treated plain carbon and low alloy steels.
Satisfactory prime plates up to and including § inch thickness were produced
from plain carbon boron treated steels containing varying carbon and manganese
contents. Due to low hardenability it was found that heat treating oconditions
must be controlled to a degree vhich cannot be considered commercial. Satie-
factory prime machinable homogeneous armor was prodused under ladoratory ocontrel
snd commercially from NE 9400 steels (boron treated and untreated) in thicknesses
up to 4*. Satisfactory 1°® plates vere produced cesmersially from 9400 steel,
boron treated. Satisfactory hard homogeneous plates 4% thick were produced
from the NE9MOO type analysis. Hard homogeneous armer, 1/U*~1/2® thick pre-
cessed from plain ocarbon, boron treated stesls were not entirely satisfactory.

Part II deals with the welding of machinadble amd high hardness
homogeneous armor processed from plain carbon and low slley berea treated
steels. The initial work consisted of tests to determine the usadility of
various types of ferritic and austenitic eleotsedes in various sequences dy
meang of a torture test with and without chill bars. W¥ork oen torture tests and
chill bar cooling was dropped early in 1943, Perritic welding was dropped to
prevent tuplicstion of work dbeing carried out under NIRC projects. Program
vas continued, determining weldability of armor dsveloped under this project—
*H¥ plates ware welded with austenitic electrodes. A few plates were welded
vith HRC~-2A farritic electrode. In general, the results ef the dallistic sheek
tests on "H® welded plates from all categories were unsatisfasctory.

The project was initiated with the purpese of determining whether it
is possible to conserve alloys in high gage armor. The results showed that
there is a definite limit to the extent to which hardemability could be
reduced without detriment to the ballistioc properties of commercially heat
treated armor.

Two reports were published under projeet NRO-29.
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