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Gongiuslions:

Fal

The accuracy end amount of bias in the results
charted are nct known. The abllity of a test in any source
to serve as an indicator Of:armnur guality cen be determined
very accurately Uy correlation methods.

Data accwaulabed from successive pericds of
snalysis, when available, will give incontrovertible
evidence about the fundamental laws underlying armour

manuiacture.

Slnce the phyaical and chemical tests are cope

related with armour quality, it is almost certain thet there

are other variables in wanufacture which are closely velated

~to ammour quality. Suggested for investigation are:

Pouring temperature,

Melt down time,

Time of boll,

Quench temperature,

Cooling rate on gquenching,
and many olthers .Y

Since steal properties vary widely, it is obvious
that there are variations in manufacturing proecesses.

The relatlionship between a value and the ballistic
Limit of armour plate ls so dependent upon manufacturing
conditions that it can have meaning only for the source from
which 1t 1s dervived. For this reason a test value {Brinell
harvdness, for example) can not be spsecified with any dsgres

]

Ox

-~
1

certainty that satisfactory armour will result. Sensible
speciflcationg for a source can only originate from analysis
of data tak@n-from the sourcsa.

The most practicel solution to the problem of
improving armour plate Lies in the establishment of metal-
lurgical atatistical departments in the armouvr plate menu-

facturing concerns. Metallurglcal observers should collect

® See Investigation No. 1144, January, 1942.




(Conclusions, cont?!d)

data on all phases of the atesl @aking and testing
processes, These data properly recorded and correlated
will glve information which will enable improvements to
be made,

Cheracteristics of different processes can be

accurately compared by the frequency distribution method,

NATURE OF VARTABLES RECORDED:

Ballistic Timlt is asgumed to mean the mazximum

apeged, in feev per second, of & 37 mn, shot which will not
deféat the plate, These data were correlated to bhallistic
1imit resuvlits using only 37 mm, sji:a.otoé3 Heavley projectilea
or lighter projectiles would require different kinds of

plate to defeat them most successiully.

tudopendenurVaexabla kL OV o

(Carbon, nitm, WoLybdenum, Wickel, and Manganese)

The effect of veriations 1ln these elements on
ateael pr@pérti@s le universally known and thereilore there
should be some degree of similarity between thelr optimun
values in each plant, To a certain exbteant they ax
independent of the steel process used,

Carbon fecaught coming down®, however, might have a
different relatlionship te Walllstic limit than when carbmg
was bolled down below the control range and then the bath
recarburized up to the 1ldeal polint (the usual method).

Since chromlium oxidizes so readlly, 1t is qulte

] .
See YArmour for Fi%htang Vehicles™, a British
rdnarce publication.
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(Nature of Variables Recorded, contid) -

Brinell hardness in each source will vary according to
the amount of notch sensitivity. Non-metallics, oxides,
carbides, and structural Inhomogeneity alfect noteh
gensitivity. This test is notoriously the most subject
to the effects of surilace preparation and individual

interpretation,

Tensile sirvength ls related to Brinell hardness,

although imperfection in the steol may lower tenslle strength
without affecting Brinell,

vield polnt may vary considerably for the same

hardness., This is due to variations in the cooling rate
through the transforwation period. Tn general, the higher
1

transformation temperatures produce lower yleld points.

Lower yvield points (for approximately the same sbtroengths
Sl P & 1’)

)

mean that before rupture a greagter smount of energy ig
- & £ ek Cedtdion Ll

absorbed .

Ilongation snd Reduction of Arsan -

1

Zlongation indicates the amount of plastic flow

the armour is capable of before rupture. Homogenizing
affects the elongstion and, of course, the Berinell hardnoss
has an effecht on elongation.

Reduction of Arvea 1s affected by the homogenizing

treatment. Temperature of transformation also affects
reductlon of area. Austempering hest treatment, by preveniting
a low temperature transformatlon, resulits in =

low yield,

high eslongation,

high reduction of area, and

Chigh dmpsct streungbh.

Therefore 1t would seem very lmpportant to concentrate on
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(Nature of Variables Recorded, conttd) -

gotting the armour %o transform on guenching within a
definite temperature range. The temporaturs of the
quench medium will have an offect on this.

Yield, elongation, and reduction of area
will serve as guides in arveiving at the ideal quenching

method .

1zod impact atireangth la alfected by

inclusions {carbides, ferrite, oxides, non-metallics,
etic.). The significance of lzod as an indicetor, therefore,

PRPIENNC

is that it indicates the degree of structural Inhomogeneity.

cozer

CHANGES SHOWN TO BE DESTRABLE:

2 2 G H A N G B ¢ QUDS THAY
TERST : SOURCE ¢ From To sDivec- :THIS CHANCE

3 saverage: average ¢ tlom WOULD ITMPROVE
O S — 3 H 3 3 ARMOUR
AR T R g H :
Carhon : Republic ¢ 3356 3 s IR5 3 - $80 out of 1Q0
T Union 2 335 MO CHANGE O

3 American i . .28 3 Al H i+ 40 out of 100

3 General s LR85 NGY2s 3 -+ 99 out of 1LQO
Silicon @ Repwblic ¢ 215 3 18 3 - 180 out of 100

s Union : 2585 1 Q5 H % 120 out of 10Q

g American 3,395 3 RIS : - 260 out of 100

g General 3 La05 . 205 3 - 94 out of 100
Manganese : Republic 31 41 o7 $ - 140 out of 10Q

s TUnlon : 885 3 605 H - 250 out of 100

< American s 1°u7 s 1,00 3 = 194 out of 100

: General S 51 15 B e rits H o 184 out of 100
Sulphur :  Republic @ 016 ¢ NOT - :88 out of 100

) : Unilon o LOLB SNO CHANGE 0 :
: American ¢ ,01L8 : LLE . = 68 ont of 100
$ General : LOLL s L0L3 3 A+ 180 out of 100

(Continued on next page)
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v (Changes shown to be Degirable, contid) =

LIS

Union 955 - : 20 out of 100
American & = 850 ouv of 100

Ganeral 126 Q6.5 out of 100

20 ©% &3 &% 93 Iz 93 ae

1.
-

Republic 40 out of 100

G RN R e ODDS THAT
TEI SCURCE : Hirrom o To irec-r THIS CRANGE
AVerage: average tion ;3 WOULL IMPROVE
TR UG AN STV I ANE LS g‘. o gv- 2N TR : AHN\OUR
Brinoll Repuvblilc 1 892 1 NO CUANGEH 0 S
malon s 265 278 ¥s 2 25 oub of 100
American v 2388 249 < ¢ 85 oubn of 100
General 1 267 27&% + 3 99,85 oub of 100
Tensile Republiec ¢ 143 1585 = ¢ 10 out of 100
Union =188 1a8 o s 85 ont of 100
American N N T 100 - 2 40 oub of 100
General LN I & 145 & 1 95 out of 100
@ ilongetion: Republic s 16 1.8% + 1 80 out of 100
Unlon : 17 20 o+ : 55 out of 100
American v 1g 2 28 & ¢ 95 out of 100
General H 15 12 o s 92 oub of 100
yield Republic 3 1 1114 = 3 95 out of 100

@0 $® 83 @O Or 9% we 2% €I @0 OC LU S GO GO 00 G¢ SO 20 06 DO £ 90 O Be 33 A& S0 CO Uo 0O DA 58 oI 20 VINEd 08 na 3.
THE M3 OO0 §1 GL UY¥ Be VS IL 08 AL IS AL WD O 26 CF A% M3 O3 00 BY 2> e 50 @ OO0 03 DT 05 OL 2b 8¢ 0O 08 2V OMice 22 4

54 S
in Area Union o8y 4% + 5 93 oud of 100
Americen 48 58 -+ 2 85 oubt of 100
Generel 40 De = 2 8% out of 100
Phosphorus: Republic ¢ L0166 LR, + 2 60 out of 100
General 1 L0E4 O30 - 2 865 oub of 100
inion 3 LG COEED - $.40 out of 100
Amerlcan 1 L0288 ¢ Neie * 2 A0 out of 100
Nickel Republic 13,882 s 3,73 - 5 TO out of 100
@ Union 15,25 1 5,18 ~ 5 85 out of 100
Mol yhdenum: Repvblic LI Y6 2 » 49 - : BQ out of 100
Union s <50 7 0 D3 -5 3 40 out of 100
» American g L40 H /85 + 3 60 out of 1GQ
) : General T .53 : 095 3 + 285 ouv of 100
Chreomiwg  : Republlic 3).49 o L.48 S RO out of 100

N : Union 51,27 : NQ CHANGE 3 © ;
s Amerilcan 12,94 2,73 I PoA0 out of 100
: Genaral $2,49 : a,.59 5 T80 out of 100
Taod ¢ Republlc s 44 3 09 y o F s 85 out of 100
¢ Awmerlican y 3B s 57 3+ 27 out of 1Q0
» General ¢ 00 3 45 5 = 3 8b oub of 100

(THESE FIGURES ARE MBRELY TARGETS TO AIM AT, IP I8 )
(EXPECTED THAT NORMAL VARIATION WILL OCCUR ABOVE AND)
{ . BELOW THE TARGER, )

ermtmry
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RELATIVE STGNIFTICANCE OF VARTABLES AS FOUND:

It was Immediately obvious that a variable
can be closely related to balligtic limit in one source
end have 11ttle relationship to ballistic 1limit in another
s0VTEO .

TABLE To - Helative Signiflcance of
Metal lurgical vgrisDLaq As Tandicators o Armour

Relative: 3 :
Slgnlf- ¢ REPUBLIC 5 GLIIERAL 3 UNION
lecance ¢ 2 2
fSER R AR B L A AR S AT LN AR SR M S i A R T e R B AT S S S AT IR
1 s¥leld sﬁyinell Red, aresa
& 5 .
2 sSulphur, Izod :Carbon UL, strength Izod
3 : t¥ield Nickel Red, area
4 ‘Elong., Carbon,:Ult, °*rongth Elongation Blongation
¢ Molybdenum 2
) 38ilicon Manganese -Manganese

Elongation Phosphorus Yieiﬁ

59 €2 so ne

~3

Nickel

’:,Q

Red, area Mol ybdenum 2ilicon,

8 Molybdenun
8 : Phosphorus Tzod Brinell
9 sS1licon Molyndemun Silicon, vield Brinsll

10 sHangansase

Red, area Manganeae UJ?H strengith

2% g2 28 0y OF 83 HI 4D H3 0D 09 D6 BF G0 00 DG €5 02 G& 4D 08 On o eoife

28 %2 95 v? DD 5D O 69 ¢ 0O dv DL I3 o8
62 83 €0 Q0% D9 B0 L3 9% 59 PO B4 00 03 G# DD 90 02 GO 03 DD S5 94 A9 an G2 I3 Do DS

11 ; Sul phur ¢ Qarbon, Ghrome,

H : 3 Sulphuy
12 ;Qhromium. ;PhOﬁth?mﬁ ; Chzomium
13 ;Ulto gtrength ;Ghremium ; Phosphorug
14 iBrinell : : :

{Continuad on next page)
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" he put In any one metallurgical test performed on armour

= Page 14 -

(Relative Significance of Varisbles As Found, cont'd) =

Table I gives a clue to the nature of
armour and what affects iits properties. Note that in
one securcee Brinell hardness was more closely related to

ballistic limlt than any o ther variable. In another gource

bk

Brinell hardness was the least significant of the phyalcal

and chewmical variables.

This fact shows Tthat toc meh faith shouvld nots

vlate,

Whon Brlnell ig closely asgociated with ballistle
1imit, it may be Inferred that a change In the Brinell
hardness would improve the plate. It might also be inferred

that the Brinell test is performed in such a way as to be

a sensitive indicator of armour quélityo
| When the Brinell hardness is not closely related
to ballistic limit, 1t may be inferved either
(1) that the hardness of the mabterial exsmined remained
in the ideal rangé;

. Qr

(2} that the Brinell test was performed in & way thatb |
made it a poor indicator of armour quality. This
ilatter may well be the case, since instances of
decarburlized castings are well known,
or

{3) that change in that part of the proceass affecting
Brinell herdness obscursd the relationship.

Tt will bte noted that in one source sulphur
proved to have the highest asignificance as an indicator of

armour gquality. This ia a clue which the experienced

metallurgist should not Tall to interpret. It means thatl
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(Relatlve Significance of Variables As Found, contid) -

there are varliations in the melitlng practice which have a
greal effect on the quality of the armour and incidentally
upon the sulphur, By a careful study of actunl melitling
conditions and thelr velationship to sulphur conbent,
improvement of amour Trow this source can be cobtalned,

In another sowrce sulphur content is shown vo
have 1ittle relatiomshrip to balllstlce limit, Note, however,
that sulphur and izod impact strength tend to occupy aboub
the sawe positlon on the table of relavive degree of copre
relaetion., PFrom this it would ssem likely that impact
strength and non-metallic incluslons were very oclosely
relatved,

Chromium does not appear to be of very groat
signiflcamcemin controlling armour quallties, We might

sgsume then bthat 1f alloy content la above a certain minlmam

3

Lialt variatlonsg are ol Little significance,

n

Nickel occuples a higher positlon ln degree of
corvelation with ballletic 1imit, This wmight he due to
the fact that nickel prolongs the transformuation time and
hence variatiocns in nickel affect the howmogenelty of miciro-
structure, Chromluwn and wolybdenun steels transform in suvch
a short time thet tranafowmation may be asswmed to be cowm~
plete in all casaes,

The significance of any test, thereloes, can be
evaluated, Should this signiflicance change drastleally
from one peried te another, it is slmost certain that some
drastlc variation in either testing procedure or manufact-
wrlng metheds has beken place, The correlatlion technigue,

however, guerds agalnst giving too much welght bto any test

value ,

[N

@ Statistically speaking.
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DISTRIBUTION CHARACTERISTIOS @

Afber obhserving the results in Table I it was
gee]

decided to study the characteristics of sach group of test
datea., APPUNDIN B shows in detail how distribution

2

characteristica are calceulated, FEach process, method of
operation, and method of testing, results in a type of

0 r

distribution which is as individual as a iogerpr

g,...:
o)

Sy

comparing distributions of tests reported by different manue
RN}

'r?'

a

facturers, an idesa can bs obtalned as to the
efficlency of each deparitment in the steel mill, Considering
phosphorua, for example, we find that one source is able to
control phosphorus to within 0,001 per cent, while ancother
pleant can contprol phosphorus only within 10,0063 per cent,
Now, while bthe desirabllity of maintaining a narrow range
has not been proven, still it is obvious thst in one plankb
different method of operstlion is being used, Further
Investigation way reveal which practice is mest desirsble,
In sueh a case Information will be availlable so that a
manufacturer may, if he wishes, change his wmethod of

operating so as to produvce more saetisfactory resulisa,

~ - oty
The kurtosis Factor” serves as a quantitative

meaaure of the frequency of exbtreme resulis, Extreme
results are undesirable because thelr effect on the armonr
cannot be predicted, Therefore, some thought should be
given to the correction of operating conditlons which
produce these extreme resulis, For exemple, one source
has @& kurtesis Factor of LOLE2 whereas another source has

g kuirtosis factor of 206565 {(unit is 0,01 per cent chromium),

Tt should be possible by a comperison of conditions in these

B

a8

See Appendix B. - Relabtive Kurdtosis and Skewnegs.
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(Distribution Cheracteristics, conbld) -

two steel plants te find out the reason for the oxtreme
variations in the one case,
In general, the greatest variation appears to be

not in the ballistic Limit but rather In the tenslils and

)

yield astrengih, It would seom from the limited amount of
data on hand that the greatest Improvement vo armour would
come, first, Sthrough a closer control over heat-tre atment
operations and, secondly, from osloser Qontrol over melting
operationa, AV present the variations due U0 heat-treatmentd
and melting operationa cobscure the effects of variations in
alloy content (chromium, wolybdenum, nickel, ete,). AP~
pendix C showe distribublon characbheristics of all variables
vecorded for the four sources,

A notation was mede on sach distribution charac-
teristic resnli indicating whether or not a varlisble was
under statistical control., The fact that only & small
percentage of metallurgical veriables are under statlstical
conbrol is not startling. Varlatlons in rew materials and
in furnace conditions are to a certaln sxtent uncontrollable
and, therefore, metallurglcal operations cannoi always be
under perfect control, At present it ls sufficlent if
progress towards statisticsl control cen be made, What is
aimed at Is mot merely a coatrol of the variables such ag
sulphur or Brinell herdness within & narvrow limlit, but a
uniform, consistent methoed of manufacture, It would seem
that the method of wmanufacture is the thing of greatest

importance and the purpoge of meballurgical tests 1s to

guide the manufacturing process,




i AGTUAL GONTROL RANGES :

Aftver exemining date from the four sources the

narrowest control ranges encounbered wers tebulated as

followsa

B
o

Rolllstic Limit - 2165 ft./sec,
Brinell - w18
T@TTS i:!.@ oz 1::[‘5 9 OC)O ;E) o 8, i o

vileld - ¥20,000 ®

e ,.ﬁ-,
Elongation . - 23,5 per cent
Reductlon in Aren = =156 "

® Tzod - T2 £t./lbs.

Garbon = 20,03 per cent

\ 9

Silicon - 0,06 ®

Mengenese -  %to,09 H
Sulphup - to,00s ®
Phoaphorus - Lo oov f
Nickel -~ T0.19 "
Chromiwn - Ep.1s @
Molybdenum - ioucﬁ i

Tt should not bhe inferred that these are the mos

e

23

" desireble limits within which the variables should be ezpecied

to remain, Much further work will be necessary hefore control

- limits can be accurately outlined,
&f

; QUALITY CONTROL, DEPARTHMENT :

o

On the basis of the work done to date 1t would
appesr desirable thait each manufactursr of amounr plate

collect snd analysze his own opeveting date, It has been

proven fairly conelusively bobh by statlstical analysis and

3

by practical experlence that physical propervities and chemicsal

anelysis cannot be transplanted from one steel plant vo
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{Qualivy Control Department, contid) --

another, Therefore, there are only twe alternaitlves,

(e.) By a series of coatly trial-and-error experiments
determine how to meke armour; op

(b) By a statistical analysis of opersting date determlne
optimum conditicas of each factor in the enviromuent which
produces armour plate,

The program which should be followed by each manu-
facturer is briefly outlined as follows:

1. Metallurgical observers should measure and
record teat data end conditions surrounding the manufacbure
of the product vnder the dirvectlon of a competent meballurgilcal
engineer,

2, This data should be classified, analysedg and
corralated by an englneer familiar with elementary statls-
Lical procedure, |

3, The first resulis should indicate in which
dirvection lies the optimum range of each variabléo

4, The relative degree of algnifilcance of each
variable should then be determliuned, This would indicate
which part of the process was in the most immediate need
of corrective ateps,

5. It should then be declided whalt changes in the
process are necessary Lo Shifﬁ teat data resulits Invto a
move desirvahle range.

6, After this program has boen set in metion

==

periodic changes should be made to determine the relative
significance of each variable and to caleulate the frequency
distributions so thabt any change in relationship or in the

proceas can be detected,

(Gontinued on next page)



vz

[»¥a
&x

. - Pape

‘ (Quality Control Department, contid) =

7. PFinall a statistical qualit control
. 2

fx)

program should be Instituted. This phase of industrial
management has boeen described in detall ih

“Enginesr'ts Lia
-

nual of Statistical Mebthods',
‘b y [l o :.‘.‘n o \[)i

BOn . (dJohn Hley Pub. Co., liew Vork)

"applied Ceneral Statistics®, by Croxzton and Cowden.
(Prentice~liall »ub. Co., f[ondon, =ncland)

"Ao 8. T, M. Manual on the Presentation of Data. b
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{popendix B)

5,ion anvwot ggqtﬁcgo
In the fellowing four exsmples, test data are

plotted graphically in order to show the neaning of

STANDARD DUVIATTON,

SKIWNDSS (Relative), and

KURTOSLS (Relative).

<]

Compare & and 4 and note the great differeance in

the way sulphur results are digtributed. I% 1s obvwious

that

the source of the data used for Dxamnle I must have a

difforent method cf oporating than the source for xample 4,

note

how the Stancerd Deviation, Skewness, and urtosis

measure quantitatively the characteristics of a digtribulion

as follows:

Standard Deviation indicates the gpread within which

the majority of results are included.

from syumebry. Hxample 1 is the most symme

- ]

gives a measure of bthe degree of departure

a

crical and

o

ixample 4 1s the least syrmetrical.

Kursosigs By using the fourth power of the difference

Lrom

m
La4

on

the average, the extreme resulis are mecasured,
The power of this method Lo detect chenges
woh bo menth can be readlly seen,

fources also can be compared.,
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