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Origin_of Material_and,.0bÂeot_of_Tnves.UGation 

On Maroh 27th„ 1942, Mr o  W o  L o  Auchlnoloss„ of the 

Inspection Board of the United Kingdam and Canada„ 58 Lyon 

Stree't„ Ottawa  Ontario ., submitted for examination a piece of 

12  mm  o  armour plate reported to have failed to  mot  ballistic 

specifications a $ set out in Specification  No  I.T. 1000. it 

was requested that any characteristic or property that could 

explain the poor ballistic behaviour be determined, if possible. 

■■■■ 



(Origin of Mater-lal an(2, 012,cct of I -nvostiu-).Uon »  coutud) - 

Aftr a prelimim.ry .e . f:.awination of the plate e  th.3 

laboratoris requested  end  received °  for purpçA?s of compariGm, 

one good piece of similar armour made  fion  recent productien 

and one good  pie ce  of r.Ilmilar armour from past . production. 

On April 16+1 the folliszinF letter °  reporting 

developments »  was written? 
552 booth Street, 
Ottawa »  Ontar:?.o, 
April 16 e  1942 G  

Mr. W. L. Auchinclose, 
Inspector of Tanku, 
For Inspector General, 
Inspection Board of UnIted Mr.,gdom and Canada, 
58 i,yon. Street, 
Ottawa  e  Ontario. 

Re z 12 mm. Armour Mate 

Dear Mr. Auhinoloac 

This mornInG reported progresD on our curreàt 
armour pate  investigat i on  to your Mr.  A S MacLaren whom 
I oontacted :In your absence. 

To date ths work haa aonsIsted mainly of eliminating 
certain factors that ridgt have affecte. the performance. The 
conclusions  arrived at aç:,  far are 

?hore  i an equal t:3.mount of docarburization 
on both E:ood and bad i,:,rmour plate. Therefore this factor 
probably can be eliznutedG 

2. '"21u s.cQuaïd•'Ehr. grain el‘i;e of the bad plate 
is 3. This means eocC, hardenability. Crac  of the good 
plateE,  alsa had a ",''cuaid-iUtIn sl.z of 3 and the oth8r a 
Mcquald-hn site of O. which indicatee, poor hardonabllity. 
Therefore It would appear-that the fac::;c.,r of relative 
hardenability can  Le  eliminated. 

It iè..3 the opin.j.en cf this staff  ;bat  the causa of 
the poor cpality migh jc be found Ln the heat treating practice. 
Armour plate practice to date would indicate that for thls 
particular p -...ebe it is better tc, have trane.- ar•-uation on harden-
ing tal,:e plac  e ai; a tem -f:.cratur3 of from 500'' F o .to 300* P. 
and that t7air.:. -Geïiwerature is fairly crUical0 Tt.1.5 is oc ,ntrolIa 
by removing from the quonch after a certain definite  tins  Inter - 
val that should be dearLlinod for each dïfferent'ibet- of c,c>ndl-
tiona,. The  control of thiEs time 5..nterval apparontly is the 
critical  point o  

This problem is beinfii; very U.orouhly Inveettgated, 
as we feel t 	nf1 	j uc to be gaïned thorËbv fe2, or  
fundamental value. We will keap you iiiformed of any egaifloar.1; 
developremts from tine to time 

Yçure.3 yoey t;ruly ° 
 11G  V. Kinsey°  

For C. S. Parsom4 
Chief of Divilon," 
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(twlgiu o .:2 Material eu3. Object  o Ive 	 o,Ud) - 

All pralinlr.try work haz5 been Gomplatcd and n,o 

followlng data can be preaerd,e. 

To nimpitfy 	preyntutïon of these, data th,D thr,e2 

armour plaJ;eo ara j.s:4.1atod 	follows?, 

Plate A%' 
Plate 

Pat G; 

Failed bo ;lee. ballIst:%o3pec'.i.flcations. 
Plate W.' 	prouct -L)n nat wet biAlllee 

Plate e..Yf 	 product -Um that not ballf:„oUG 
.ioat 

CihemicaJ 

Table 1 i.îs a wummiry 	t1:3 *.'2ae,3 	of Ghomil.L 

- 1„ 	t.,p,orn .1 ,3a1 Anutv-b, 
f?er 

Plate A 	Plato 3 	Plate C 

0,25 	0.20 	0,25 
0,5 	0.51 	0,54 
0 0 52 	CO29 	00 36 
0,015 	0.021 	0,019 
0 0 013 	0,019 	0.014 
0.'1 0 	0,75 	0 075 
0,84 	0,79 	0.86 
0,52 	0,4G 	0.5 

rill 
Paint; ',.‘c,uce 	Tre.c(3 	*..;'ciint.; trace:: 
Paint -:7„rae 	Tre.ce 	Tra(-,o 

S.,-U. 	N11 	ni 
et:, 	N11 	Nil 

;E:petrographic analyes„ 

D2 an effort 	 deff'..nite aate. ;;,;1 

decarburitIon, saa'aplae 	 wer.e 

from the ,5J1iAdn of each pietc 9  ae fcalowt.i 

Uouple Wc„ 1 reDrei,ionted. bha okn .to a depth of 0.01E, In.„ 

Sample  No C  rep2esc7r.ot(f. the ., ,,k?ta.1 between 0,015 ln, and 0„050  in 

 below the fryrfaoe p  Sample No  S  represented the meti, botwK,,in 

0.030  in  and 0,045 In, beaow the  eurfaoa  and Sample NO0  

resented 	mctal betwon 0. ,M5 5,n. and 0 0 060 in. below the 

surfaz, . The. average depth belQw the trur -.:':ap for each eae,,p1 



0115 .  
0.24 
0.27 
0.28 

0.12 
0.20 
0,25 
0 2 .7 

0.0075 
0.0225 
0.0375 
0.0525 

1 
2 
3 
4 

1—  -- 

- 
cceffr r'ecioticrfive 

..9.9£4./eric resT 

0 0, 0-in 0• Oi 00f 0Ote 00i 

fitEcern.r Ply0OULT/ON 
fteSsee 0.4 LeiJr/c 

pesr evtoolitricw 
<>adds." de,eiL14-7-le 
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(Chemical Analysi3 e  contld) 

and the carbon analysis of each sample will be found in 

Table II. 

Table II. - 3ummary_21222(larburization Analysis. 

• -7-77—veragirTe-p-EF=-7 
Sample sample below surfaco e ; 
No 0 	in inches 	 Plate A 	Plate  B 

Carbon ;  per cent 
Plate  C 

0.115 
0.20 
0.25 
0.27 

These results are plotted below in Figure 19. 
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yhysical  Tests 

Values  for the ultimate tensile strenGth e  yield 

strength, elongation,and reduction in area were obtained bo th . 

parallel  to  the  direction  of rolling (longitudinal) and across 

the direction of  rolling  (transverse). These results  are 

given in  Table  III:, 

(Continued on next page) 

C ile ye 
. . 	 0, 

. 	 J2, .o,  

• 

midammil luau 
ISIZEIMIIMMUM 

IMBUZMN  



. 	 . 	, , 
Ultimate tonsîle3 

strengt, p.s.j. 
. 	. 	. 	g 	. 	. 

lvrs  000,172  ono ,. 176  ,,,.000174,000' 17 »  500 1=35 e 00(' 
g 	 . 

	

, 	g 	. 
Yield strength, 	'. 	Un 

a 	
,s 

P0Sillo 	 t) l62 » 50Cg16QQ00g 165,000a6 3,000g 16e 9 000, 1 52„,,,, 
. 	. 

	

. 	. 

	

. 	. 
Elongation, 	 . . 	. 
per cent 	- . 	18 	g 	16 	, 

	

. 	20g 	14 :; 	20 	17 
Reduction in area 9  g 	. , 	. 

	

. 	g 	. 	, 
per cent 	„ . 	57 	g 	e:.0 g 	57 	. 

	

. 	45 :; 	57 	. 	45 

(6X Reduction in aroa ± Pensile strangther 
1000 

Merit  Value 

103.4 	s2.e 	103.7 g 90.4 g 102.9 g 89 

0 0 065 

0 
a 

0,.79 

0 

0 

0 
0 0 

0 

0 

0.072 

0 76 

0.796 

0,70 

?t o 

(Physical Test„  on c1) - 

Table III. 

,„ 

v(irrne 
.-- (V 7'nq21 	verse g I" 	verse    	• 	4  '" 1  , 	_ 

Suàh tensile tents are given "merit values” ln the 

automobile Industry by the following formulag 

It is inoresting to diDtarm5.no theee merlt values

and to compare the ratio cJ the transverse mtrit value to the 

1ongitudirsà1 merit value aF an :lndicatfi.on Qr the qualf.ty of the 

plate. This Is dons in 'Pablo IV, 

Table IV. 

Élw, c A 
g Trann- 

R t 1:3, CU.. 1:10- 

Plata 	 . 13 	Plate 0 .  
2Long5.- g Trans-gLone- g Iran-
gtudinalg verso gtudînalg veri4e 

a 

Merit value 

Ratio »  M.V. (Truns.)1 
M.V. (Long.) 

Ratio, R.A. (TrF,ns„),( 
:R \.., (Long.) 

A survey ef the harduce tbrough the  cross-section. oe 

Thn results of this survey these plates  was  vory camfully me.do. 

are  given in Figure 20, 

(Cont'i:LwA. on next page) 
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(Physical Tests, cont?d) 

virrure 20. ( 

The ability of  metal to resist cold working can be 

measured by makine3 Impressions with a Brinell ball, at at 

least three different loads, for exempla 1,000 kilograms,  2 9 000 

kilograms,  and 3,000 kilograms, plotting  the diameter of the 

Impressions  thus obtained against the load on a  logarithmic scale 

and determining fle  slope of the  resulting straight line. This 

value 13  termed  the  "n"  value. 

(Continued on next  page) 



(PhylGal Teets, cimt , d) - 

This determination 	basad on the relationshlp 

	

L 	ada 

	

Mere L 	load  applied 

	

a 	a conetant 

	

d 	dianeter of impression 
n = a cons tant  

During the ball test we pass contInuously °  as 

ne Increases, through increasing angles of indentatfLon 

(and therefore degrees of daormation) and thus dbtain 

from the value of the exponent en" a measure of the rate 

of change of the resistance or the metal„ 

con)lete explanation of this relatinmMp can 

be found »  Gommancing on Page 49, in  "The  Hardness of 

Metals and Its Meaw;I:nDAmante °  by Hugh O'Neill, D.Sc., M. Met„„ 

now Director of the rou''arch laboratories of the L. M. So 

Railway,  Derby »  (-77.1gland. Under the heading "The Researches 

of E °  Meyer„" the authr dus s es  the work done by 

• 	i\iek r Meyer °  

Figure 21 is a Ghart showing the en" value 

determlnations for the three places of armour beIng 

examed, 

(Contînued on next page 

Published by Chapman & Hall Limited »  

London. ° 19 4„ 
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(Physical Tests, zontld) - 

Fi'2,aro 21. 
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Hardenability: 

From  an examination of the curves in Figure 20 9  

it is evident that all three plates hardened uniformly 

throughout their cross-section. 

McZuaid-Ehn grain sizes were determined by carbur-

izing samples of eadh plate at 1700° F. for 7 hours and 

cooling in the furnace. The results of these tests are 

given in Figures 1, 2, and 3. 

(Figures  1 9  2, and 3 appear on next page) 



(page)  

Figure 1. 

Figure 2. 

McQuald-Ehn grain size, at 
1700 °  F., of 12 mm. armour 
plate, recent production, 
which failed to pass the 
ballistic tests. 

Photomicrograph at 
X100, picral etch. 
Grain size No. 3. 

McQuaid-Fhn grain size, at 
1700 °  F., of 12 mm. armour 
plate, recent production, 
which passed ballistic tests. 
Photomicrograph at 
X100, picral etch. 
Grain size No. 8. 

McQuaid-Ehn grain size, at 
1700 °  F., of 12 mm. armour 
plate, past production, 
which passed ballistic tests. 
Photomicrograph at 
X100, picral etch. 
Grain size No. 3. 

(Hardenability 9  contvd) 	 (Page 9 ) 



- Pace 10 - 

MiG'roscoplc Examinaton 

Photomicroraphs of the àtructure'of  the  

metal as rocolved are evou in Figures « to 9 

Inclusive To establish the type of structure 

characteristic of transformation at constant 

temperatures e  samples wore transformed at 500° •IP 

and 900° ]3' 	Thsse-.1 structures are shown in Flguras 

10 to 15 Q 	 • 

Figuren 16 to 18 show tb.8 exc)nt (4:: 

docarburization., • 

• 



Photomicrograph (X1000, 
picral etch) of 12 mm. 
armour plate, recent 
production, which failed 
to pass ballistic tests. 

Note mixed structure of 
bainite and tempered 
martensite. 

Photomicrograph (X1000, 
picral etch) of 12 mm. 
armour plate, past production, 
which passed ballistic tests. 

Note mixed structuré of bainite 
—red—Diempered martensite. 

(M1croscoPîc Ezamination, cont 9 d) - 	 (Page 11) 

(Page 	) 

Figure 4. 

Figure 5. 

Elsem2J.  

Photomicrograph (X1000, 
picral etch) of 12 mm. 
armour plate, recent 
production, which-passed 
ballistic tests. ' 

Note  uniform structure of 
tempered martensite. 



Photomicrograph 
(X2000, picral 
etch) of 12 mm. 
armour plate, 
recent production, 
which passed 
ballistic tests. 

Note uniform 
structure of 
temered 
martensite. 

azure 9. 

Page 12 ) cro s cop -I (3 E .:wild:cation 9  cont 9  d)  

(Page 	) 

Figure 7. 

ElEare_8 .  

Photomicrograph 
(X2000, pieral 
etch) of 12 mm. 
armour plate, 
recent production, 
which failed to 
pass ballistic 
tests. 

Note mixed 
structure of 
bainite and 
tempered 
martens  rte.  

Photomicrograph 
(X2000, picral 
etch) of 12 mm. 
armour plate, 
past production, 
which passed 
ballistic tests. 

Note mixed 
structure of 
bainite and  
tempered  
martensite. 



Figure lo. 

(Ms-  cros cop 5.c Exanare M. ) 
ont (5. ) - (Pa ,  1,3 ) 

(Page 	) 

Photomicrograph 
(X2000, picral 
etch) of 12 mm. 
armour plate, 
recent production, 
which failed to 
pass ballistic 
tests. 

Quenched from 
16000  F. into 
salt bath at 
5000  F.; held 
for * hour; 
air-cooled .  

Note characteristic 
bainite. 

Figure 11. 

Fieure 12. 

Photomicrograph 
(X2000, picral 
etch) of 12 mm. 
armour plate, 
recent production, 
which passed 
ballistic tests. 

Quenched from 
16000  F. into 
salt bath at 
5000  F.; held 
for i hour; 
air-cooled .  

Compare with 
Figures 10 and 12. 

Photomicrograph 
(X2000, picral 
etch) of 12 mom. 
'armour plate, 
old production, 
which passed 
ballistic tests. 

Quenched from 
16000  F. into 
salt bath at 
5000  F.; held 
for i hour; 
air-cooled. 

Note characteristic 
bainite. 



Photomicrograph 
(X2000, pieral 
etch) of 12 mm. 
armour plate, 
new production, 
which failed in 
ballistic tests. 

Quenched from 
1600° F. into 
salt bath at. 
9000 .F.; held 
for i hour; 
air-cooled. 

Note presence of 
two types of 
transformation 
products, 

Photomicrograph 
(X2000, picral 
etch) of 12 mm. 
armour plate, 
new production, 
which passed 
ballistic tests. 

• - Quenched from 
1600°  F. into 
salt bath at 
900° F.; held 
for . i-bour; 
air coolèd. 

Note presence of  
only one type of 
transformation 
produCt,.. 

Figure 15. 

(Page 14) (Micr0000pic Examination »  contyd) 

(Page 	) 

Figure 1.  

Photomicrograph 
(X2000, picral 
etéh) of 12 mm. 
armour plate, 
old production, 
which passed 
ballistic tests. 

Quenched from 
1600° F.  into 
salt bath at 
900° F.; held 

. for i hour; 
air-éboled. 

-Note presence of 
two types of  
transformation 
products. 



(Page) ) 

Figure 17. 

Figure 18. 

Photomicrograph (X100, 
picral etch) of 12 mm. 
armour plate, new 
production, which failed 
to pass ballistic tests. 

Note decarburized zone  
at surface.  

Photomicrograph (X100, 
picral etch) of 12 mm. 
armour plate, recent 
production, which passed 
ballistic tests. 

Note, decarburized zone  
at surface. 

Photomicrograph (X100, 
picral etch) of 12 mm. 
armour plate, old 
production, which passed 
ballistic tests. 

Note decarburized zone  
at surface. 

( Mi eroo. cop"! e Examination  eont 	 ( Page 	) 
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Summerv of Results; 

	

Table V 	Sumacrir of Results. 

	

e, 	?lato A 	0 ▪ Plate B 	nate G 

Chemical analrile 	g SignUicaut differences in Al e  Ti and V. 

Decarburization 	 . . 	 All the same degroe. 
' , , 

Uniformity of hardness 	-.; 	Equal uniformity ln hardness, 
g 

McQuaid -Ehn Grain No,  . B 	' 

Meri•  value ratio, 	° . 	 . 
transverse; longitudinig 	0.796 	. . 00872 	- . , 	' 0.865 

. 	 . . 	 . 	 g 
unn values 	 g 	,.,, ,,,.., ,,,..i.v 	. . 2 0 18 	g 	2 038 

. 0 „ g 	 . 
11› Microstructure 	 g Mixed bainito g M e artnsita g Mixed bainIte 

	

and martonsiteg 	 g and martensite 
, 	 . . 	 . 	 g 

Vickers hardness value 	g 390 - 4:,0 	400 - 410 	g 370 - 505 
g 	 . 

	

. 	 . , 

• 
;M:i=f-T=.7•71-.i>";•Wre.:17rale•O:eSrea7-3211.neaer.ine.•alr.CliZ.,:: ,.ZZI.,, fier". 

Discussion or Resultsg 

It is intoroeting to note particularly tàe presence 

of aluminium in Steel B and Ito absence' in Steels A and C. Th5.2 

could explain  the  differences in McQuaid-Elm grain ee,i/e. The,1  

larger traces of vanadtom snd titanium in Steel B »  combined . 

 with the change in deoxldation practice »  could expl21n the 

apparent shift In the 'eUe'' eurve whicb will be discussed later0 

It is also interesting to note that 3tcel Bp in spite 

of its fin•r grain size, stowed no more tendency toward a soft 

cor e eelan did Steels 0 and A 0  This would indicate that  for a 

plate of this thIc3ne ,3,1 0  it is possiblo to obtain a eufficiontly 

high degree of hardenabillty with a stoel of thiG analysis to 

produce satisfactory armour. 

The degree of docarburIzation apparently does not 

vary enough to seriously impair the ballistic properties and 

ma:  be considered normal, 

The ratio of the merit value of the transverse tensile 
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(Discuse.on of Results, coqt 1 d) 

strength to the merit value of tiw longitudinal tensile strength 

aives pronise of a. method of predicting the ballistic behaviour 

of rolled armour plate as do also the "n" values. A hizh ratio 

Indicates good homogeneity. A high "n 1  value aleo indicatee 

greater capacity for work :lerdening. 

TWO Ohenomena determine the resultant structure after 

quenching and dravins: 

(a) Rate of zoollrea on Quenching. 
(b) Tine - temperature transformation 

(na" :curve) characteristics. 

It is very easy to vary the quenching rate dut to the 

difference In the method of handling the plate from the furnaee 

to the quenching tank. Hardness after quenching may show the 

variations In this operatien and enable closer control to be 

attempted. 

The "S" curve 'can also change from heat to heat.  This 

can be duo to the variatio:em in melting or  deoxidation  practice 

which are reflected in the grain aiza and/or the variatione in 

residual alloying elements (NI, Or,  Mo, etc.) from the scrap 

use(  or titanium, vanadium, boron, etc„ from complex deoxidi-

zers  such as .  those now available. 

In this respect, it will be noted that  Plate B »  Iyhich 

shows a grain size of 8, ie the only plate containing alum:1.111:am 

and  also that  it  contains traces of vanadium and titanium zo  a 

greater degree than do Plates and  O. Note now Figures  13, 14 

and 15.  These photemicrographe show the etructure obtained in 

the steel from each of the three plates when allowed to transform 

at  900° F.  for heur followed by air cooling. Transformation 

was completed in Plate  B  at the end  cf half  an  hour while it 

was not completed in Plat  A and  C. This  would indicate that 

the  "Sn curve,  in  its upper ranges, anyway r  had been moved to 



- Fe  10 - 

(Discussion of Results„ cent °d)  

the loft in Uate 73  

For some other reason the shape of the "S n  curve has 

also been changed In the lower  reloue  Thl, is indicated from 

the structures obtained by transforminG at 500'  FQ Noto that 

Figures 10 and 12 show a completely bainitio structure while 

the structure In Figure 11 indlotes that transformation could 

have taken place either at a hîgher temperature or at a rela- 

tively hlEher position  on  the "Sn curve, Since all throe pieceg 
• 

transformed in the same salt bath at  500°  T2,,0 the latter case 

II› 	only could be true, and this meane that the lower portion  of  

the "S" curve for Steel B ylut have been depressed, 

The "as received' structures can mean only one thing 

Plate B has receive d  a much more violent quonch than Platea C 

or A, 

By the use of a standard hardenabilittest e  such as 

the jomîny test, it Is possible to detect  shifts In the relative 

position of the 	curve for steels of the same analysis fr«m 

heat to heat, Naturally, if identical hardness and microstru-

tune are to be maintained, cognizance of th.im must be  tan  and 

quenching methods adjuted. to suit, 

If quenching yeupd,i,.; are mairftaied. constant and the 

"S n  curve does not  change , resulte s:',:milar to A and  B aho,,Ald 

not occur, 

COWCLUSIONSg 

The following tentative conclusions may be drawn e  
subject to modification wten further data become available. 

It must be realized that WilWa  ail  metallurgical and balliatical 

properties are fluctuating, as they normally do e  concrete proof 

of any relationship between ballitic and other properties can 
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only be Obtained from a lare number of tetn. 

l. Under exist:11)o- cordîtIone- r2.,uch varlet,ions ae 

might occur In docarburizatien or haogeneity of hardnetm (;:t1 

not apparently exert any appreciable effect on the balUstiç 

properties of the plates exned. 

!'rom the Ko'R,1 -taid.-0D.r. EP,rain number and from 

spectrographle analy,91s e  it would appear that the dooxidatim 

practice is probably not aways the same. 

3. Prom the structures existing in the plateo as - 

received„ It Is evident that quenching practice le noh  always 

the same, 

4. Both 	value tests and the tensile merit  velue 

ratio would appear to be worthy of further investigation In an 

effort to coordinate ballistic properties with physical pro-

perties and. microstructuro. 

In ateel of 	analysis, It is ,r7.vidently 

possible  ho  meet present ballistic specificatons with a mixed 

11, 	structure. 

,60 Physical tess would indicate that Elate A In 

not as homogeneous as Fites D and C. This could explain 

poor balMstic performance. 

It 18 probable tl:at variations in the conditions 

of tbe ballistic test are respcnsible for the apparent dls-

crepancles in these results. It is rePorted tbet a variation 

of 0.005 Inch in the thickness of the plate may either pass or 

fail the plate balliatîcaL.y,. It is ;9,3.r .,  ;,ossible that '(te 

ballistic recednents of this tb5.cknes3 	. 1ate are unreason- 

ably high, 

o 

° 
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Recomendations 

1 	Racti'no hardenaly- ts ts  of  a 9tp-OPrd iaLu P 

such as the Juminy test »  could bc caqducted on every heat to 

• 

check  the structural characterlstics of the steel °  

Routine harCnes tests after quenchinG end before 

tempering »  and aisé, an occa3tone mizroacoplc emmlnation, 

would be useful precaution o  

Such data as relate to deoxidatîon, reUttng, 

and heat treatment practîce could be tabulated for each heat of 

armour steel and zorrelated »  if  po. s ibis with .ar.e&bi1itTv 

tests and with  ballistic and physical properties,, 
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