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THE EFFECT OF VACUUM ANNEAL ING 
ON TUE IMPACT PROPERTIES OF 

3TRUOTUIUIL 8TE1i PL1.TE 

INTRODUCTION 

The above title for this thesis is appropriately 

worded for the field of material behavior as lt is known 

today. The Charpy impact test is accepted by some 

investigators as a measurement of transition temperature, 

but it Is not accepted by the majority of them. If the 

Charpy impact test were fully accepted, the title of this 

thesis should be s'The Effect of Vacuum annealing on the 

Transition mper3ture ol' tructural Steel Plate.v? 

Because the Charpy impact test is accepted by many 

as an Indicator of transition temperature, the second 

title may be thou;ht of In reference to this work. e 

are not concerned necessarily la placizi the material In 

the proper transition temperature range, but we are inter- 

ested in noting a change in transition tiperature. 
:fl.ater (20) writes "Brittle fracture phenomena in 

general are as old as the history of inetls arid their 

catastrophic effects must have embarrassed our forefathers 
In peace and in war just as much as in our own times. A 

vivid memory of our boyhood must ever be the pictorial 

representation of the knights of medieval times routing 

their iicked adversaries whose armor of spears, lances, and 

swords lay shattered by brittle fracture ou the field of 

battle. Trusty steel certainly had a vivid personal 



mear1ng In th3e days ur the condemnation 3f those who 

made the brittle etuft has certainly echoed viorouly down 

the ages," 

The echo has been heard by ny of us during orld 

War II. Thie echo has been the report of ship plate 

failures on some of the ships constructed during the war. 

lt Is the general consensus of opinion that these failures 

have been associated with stress raisers, such as notches 

and defects, when accompanied by low temperatures. Pres 

sure vessel failures have uot been heard of as much as 

failures associated with stress raisers. indenburg (22) 

has indicated, however, that there have been several 

pressure vessel failures that could be intimately related 

to the ship plate failures. 

The lowering of the taperature of these brittle 

failures, or the transition tperature, is the primary 

purpose of the experiments for this thesis. Because of the 

compleziy or the Individual elements aftectiii tue transi- 

tion temperature, lt Is best to segregate them into 

divisions as much possible. 

BRITTLE BELiVIO1 OF LOV CARBON STEEL 

Tensile Tests 

In the past the engineer has taken a traction of the 

yield strength or the ultimate strength as a safe working 

stress for proiuct design. The deflection or elongation is 



calculated by the ue of the inodu1u of e1at1city of the 

material In question. ÌJ.1 of these data used as the basis 
of desl.n lu the past have been based upon the stafldard 

tensile test coupon. The failure of ships and pressure 

vessels based on this design would indicate that there are 

other properties that are lacking in the desl caloula 

tions. To allow for this lt la necesstry for the designer 

to build "too strong," making amends for his lack of 

knowledge. Wlndenburg (22) has indicated that all of the 

failures seem to have to elenients in coumion. The failures 
occurred at reduced tperatures a:1d the metal has fractured 
without appreciable elongation. This ruade it appear that 
the fractured materials were not sufficiently ductile and 

did not meet the specifications for ductility, but tensile 
test coupons cut from the fractured plates and tested 
accordln- to AS specifications showed the required 

ductility. 
Slater (20) has ladicated that the unreliability of 

the tensile tests may be ue to irregularities in the metal. 
ills theory of what constitutes an irregularity Is as 

follows: 

(a) Uniformity as influenced by relative degree 
of freedom fron blowholes, skrinkage 
cavities, inclusion segregation, and other 
diacontinuities. 

(b) Variation in physical and mechanical 
properties with direction as influenced by the 
methods of manufacture, as in rolled plate. 
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(e) Uhaiges which occur consequent to p1at10 
strain, such as strain-age eiibr1tt1ement. 

(d1 The effects of temperature on properties 
aîd in particular the catastrophic rupture 
of certain iulld steels at 1over temperatures. 

(e) ftects on surface condition, such as its 
relative roughness or smoothness , 1o11owiL1g 
iaehining operati oils; decarburi zati on, as 

y be evidenced in steel castings or plato;. 
and surface dairage by corrosion. 

(f) Imposition of high local stress and strains 
in mnnufacturin or construction operations, 
such as thos which occur around rivet 
holes, stresses locked up in welding, bending 
to shape, and defects in welds. 

These are but a small number of many possibilities, 
some of which are beyond our laboratory control. The 

priiae irregularities that we are concerned with in our 

test program are the occluded eases and their consequent 

effect on the ductility with a stress concentration 

present. The remaining irregularities will be held s 

nearly constant as possible. 

'Ith the irregularities controlled s much as 

possible, it is also necessary to find a satisfactory 

spec1me for the tests. 
Toughness 

The accepted definition of toughness is the ability 
of a material to absorb energy by deforiaation. The araount 

of toughness a specific material exnibits depends primarily 

upon the rate of loading and the temperature of the tests. 
Touhnesa is generally measured by the stress-strain curte 
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of a ten&ile test coupon. Thue tensile loadin seldom 

exists in niacAines or structures, hovever, and tensile 

faIlures involving large deformations before failure are 

very rare. s Indicated by lierres aitd Joaes (7) such 

accidents present either a gr3ss error In the design or 

a considerbie unanticipated overload of the structure. 

The toughness required by a material should not be 

based entirely upon the common tensile test. iat is 

needed Is a materI.1 toughness that will allow a smiall 

amount of plastic deformation under non-uniform loads in 

the presence of stress raisers and perhaps at laiv tempera- 

tures. This plastic deforniatlon will then prevent the 

formation of cracs which raise the stress concentration 

factor and reduce the load-carrying area. 

Horres and Jones (7) indIcate the yield strength 

of all steel increases and the rate or strain hardening 

Increases, also, as the tperature of testing is decreased 

below normal atuiospìieric temperatures. This results lit an 

lncrease In the load or stress after a given amount or 

plastic deformation and, coasequently, is a more severe 

test 01' the toughness. In effect, decreasing of temperature 

is analogous to increasing the strength level of the steel 

without altering its quality of met:llograph1c structure. 

It should be noted that high toughness is not required 

by all machine parts. Gillett's (4) example of satisfactory 

cast iron cran shafts, which have very low notched bar 



iiripact values, hve stood up well under this severe appli- 

cation. Very little tughaess is re:uired In riach1ne parts 

for all parts designed and fabricated so that there are 

no sharp chan;es in section or iiperfectíos to cause 

severe stress c:centratjons, 

Loop (lB) says tìat the only material characteristic 

that ives our present day designed calculations any 

degree of accuracy is the material ductility or touhness. 

The benefit et' this self adjustment by plastic t1o;. is 

iiereased by the strengthening or strain harden1n of the 

steel, even If the stress intensity at the poi:t of hL;hest 
concetratioi rises because of reduction in area. i'or 

these benetits, however, a price is extracted. very draht 

upon the reserves reduces the balance that reriuìlns, hen 

the ductility is all gone, the result is fracture. It is 

by such a trin of thou;ht tilut hoop (18) came to the idea 
that structures are broken by excess, not of stress, but 

of strain; by detect, xiot of strength, but or ductility. 

Transition Temperuture 

With the present controv.rsy of written material eon- 

cerning the transition teìperature, it Is rather difficult 

to select a definition that is agreeable to all. 4thin 

very narrow limits, the transition temperture is a rance 

of temperatures and corresponding energy absorption values 
for a material. The exact transition temperature for one 

material is a atter of the persoual opinion 01 the ían 
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8O13Ctifl'S the tiperature. Stout and eUrsady (21) give 

as a crltericni for trarts1tion teiiperature the following 

four divi si oms: 

Â, hiergy 
1. Total energy absorbed 
2. Energy up to uiaxlznum. load 
3. forgy after ivaxlmwn load 

B. Strength 
1. YIeld to ultimate ratio 
2. Notainal strength 

Ç. Ductility 
1. Bend aigie at maximum load 
2. Reduction of area 
3. ElongatIon 

D. iracture 
1. Shear-.to-cleavage fracture 

It is obvious that any one specific criterion listed 
above cannot be compared to any other one critorion to 

obtain the se material property. Stout aid WcGready 

(21) use for their criterion that teriperature at rhich 

there was a 50 per cent cleavage fracture. However, this 

criterion is not suitable for high carbon or alloy heat 

treated steels. They suggest the use of a ten-degree bend 

angle at maxiniwu load as the criterion of transition 
temperature for these steels. 

lierres and Tones (7) place their criterion for 

transition tenperature deterciination for structural 

steels arbitrarily at 10 foot pounds at -40 F and 

100 foot pounds at room teciper ture, using a Charpy V-notch 

specimen. 
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Kinzel (14) suggests a slow notched bend test with a 

measured one per cent lateral contraction parallel to the 

notch as the proper definition or location of the transi 

tion tiperture. This oae per cent deformation corresponds 

to the deformation measured in service failures at the 

section near the ends of cracks which stop propagating. 

Thus it is seca that all specifications for ductility are 

arbitrary, even though resulting from considerable 

judgment based on experience. 

Ludwik (15) postulated a theory for brittle failure 
of steels when he stated that, for a given material, 

brittle failure takes place vahen the stress necessary for 

yielding (the flow stress) exceeds the stress necessary 

for fracture (the fracture stress). If the metal is 

stressed below the flow stress, it will react elastically. 

s the stress is increased the steel .i11 plastically 

deform, arai when the fracture stress is reached, the 

8teei. breaks. If the fracture stress is appreciably 

higher than the flow stress, a large amount of yielding 

takes place and the steel is called ductile. If the 

fracture stress is as low as the flow stress, no yielding 

takes place and the steel is called brittle. 

Th ductility or brittle behavior of steel has been 

studied by a large number of investigators. In reading 

over their literature, it has becorrie apparent that every- 

one do1n, research in this field has been atteipting 



to develop a te.t speolnien which will closely correlate 

Its results v.ith the saiue material under actual service 

conditions. t few of the nny speciïens are the familiar 

Charpy test, the notched tensile test, plate test, both 

internally notched and externally notched, the nick-bend 

test, the loagitudinal notched bend test, the tear test, 

the Gensamer-Sohnadt type test, and the welded T-bend 

test. Of these test specimens, the internally notched, 

wide plate specimen is tne best approach to actual service 

conditions. Many of these tests require large pieces of 

material, which make the tests unduly expensive. 

Gensamer, Saibel, and Ransom (3) in their report on 

the fracture of metals bring out an interesting point 

about the notched bar Impact test. They Indicate that 

. H. liollonion, in cooperation with 2:ener, has been able 

to calculate the tcnperature at which brittle rLi1ure will 

occur in a specimen of carbon steel. 

s we are not attempting to correlate or place the 

properties oi the test steel in relation to other materiale 

available, it is not necessary for us to absolutely define 

the location of transition temperature in this pro.ram. 

Our primary concern is the observation of any change in 

the beh:&vior of the material toughness in the test program. 

VIth this in mind, we shall observe any shift in the 

temperature of 50 per cent shear fracture for the test 
specimens. The second method we shall uso will be 
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the observït1on of any change with teniperature ot the total 

cnergy absorbed by the specimens. 

It will be toun1 later that the tet results id. 

vary as the opinions on transition tenperature have varied. 

Naturally eacti person feels he is correct and bases his 

results On juduent, Because tests based on judnent of 

individuals are hard to correlate ith each other, there 

is a great loss of valuable rosoarch time. 

Ixtipact eets 

s hab been shown in the previous sectIon, the irirpact 

test is considered by soi the accepted xr.casure of transi- 

tion tperature. ith this in mind, we shall discuss and 

select the type or specimen to be used in our test program. 

There are two types ot impact specimens in use by 

Arericaxi investigators. These specimens are small et size 

and do not require elaborate testing equipment. The Chpy 

specimen is tested as a simple beam ith a single blow 

opposite the notch. The Izod test i the same size sped- 

men, but it is tested as a cantilever beam with a single 

blow breaking the specimen. The Izod test has one fault 

which ma kas it even more oomplex than the Charpy test. 

This i the shear component of stress prasent in the 

cantilever :hich is not preseit In the slmçle beam. 

In generi, he Investigators agree that the tot1 

energy absorbed by a notched bar specimen during test is 

due not only to the resistance to fracture, but also to 
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the re$istarice to deformation. The exact relationship and 

the relative 1xtportance of these to factors In any 

particular test is otten obscure aiìd exact correlation la 

difficult. Jackson (10) say: it is difficult to )btain 

reproducible VU1U8S for the V-notcec1 r irapact pecLiens 

from tests pertornd on many steels in the transition 

zone, a1thouh consistent x'esults are to be expected below 

and above the zone. Jackson recommends the Charpy keyhole 

notched bar apecittLen for consistent results, but ror 

sensitive traiisltlon teiperture dotcrminatlon In low 

carbon stee1, he uses a standard Vnotohed speciien 

strained as a simple beaii, Jackson's Vnotch specimen has 

been selected as the best and most sensitive test as 

indicated by Tatnall (U) and others. 

il o these invest1ators have mentioned the direc 

tional properties of crouht materials such as rolled plate. 

For exaple, iopkIne and Blumberg (6) state that the 

directional properties must be consicereU as transverse 

bars are usually lowar than longitudinal ones in ductility 

and shook resistant properties as determined by laboratory 

tests. The directional properties are lrectly related to 

non-motellic inclusions found In rolled platt. k3oodber, 

Davis, J.arker, and Troxeli (2) made iicrosoopio examination 

of tests on wide notched plates. The: tound there ere 

ual1 opeains Into the specimens which fractured with 

low enery. They attributed this to the directicnal 
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properties and the resultant sea'ns of nonmetallic 

inclusions. They also found that if the nonmetallic 

inclusions acted as extensions of the notch the enerr 

absorption was low. Flowevcr, if the specimens were such 

that the inclusions were not directional, or if they had 

branches oft the 'ain line of travel, the resulting 

energy absorption was nigh, thus reducing the notch 

sensitivity. This separation of the Inclusions effec- 

tively Increased the shear stress In the speolmen and 

promoted plastic flow. From this ve see that in 

ordinary rolled plate, it is best to cut the sped ens 

transversely to the direction of rolling and notch it 
perpendicularly to the rolled surface. 

There has been much discussion as to whether lt is 

necessary to polish the specluien and the iotch before 

testing. The general consensus of opinion in these 

articles indicates that the variation between polished 

and unpolished speoimes is less then the ter1al 

variation itself. às this test program Included a large 

number of test ecimens to be prepared in a reasonable 

time, it was felt that what little, if any, benefit 

received from polishing could be eliminated. 

Grain Size 

As has been noted by Bain and Vilella (1), hopkins 

and h3lumberg (5), and Kinzel (14), the grain size has 

an effect upon the brittle behavior of Iron and steel. 
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Eeeause obsorvatloûs are entirely qul1tat1ve ami not 

qua4tltative, ;r1ïi ie 1 one or che fuctor of steel 

qwillty v'hich caLnot be explained by the coraposition or 

the steel as ordinarily re:orted. 

lt is a çor2monly observed feet that hard and brittle 

steel will break with a coarse fracture, while the steel 

of the sase hardness that breaks with a fine appeering 

fracture will require uch mo:e energy to break. This 

phenonienon is attributed to the rin size of tue steel 

when it was in the austenitic range of its final heat 

treatment. The large grains are caused by too hih a 

temperature or too long a tine atove the critical 

teiuperature. 

In order to Illustrate the growth of an austeItic 

grain, we shall consider a piece of carbon steel. If 

the eteel were heated above te critical point, or 

C3 or Acm, the ferrite and carbide .oLlc1 c3Libiae to 

form a new phe cìled auiten1te, which Is a cr:stalline 

phase or a solid solution exicti in the form of polyhed- 

rai crains. T.ie austenitic grains start forning arou.d 

some particle present during the transforaation, thus in 

theiry there will be as many j:;ruins of austenite as there 

are orI<-inal particles. A the grains grow they vill 

continue to enlarge until they meet each other. From this 

it Is seen that If there ere a large number of particles, 

the eustenitic grain size would be small or nne. Pro1oxied 
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heating or too high tnperature, as indicated previously, 

will cause one austenitic grain to envelope another, arid 

the grain size will coatinue to grow' or coarsen. This 

coarsening is accompanied by an increasin1y brittle 

behavior of the material when it le tested. 

There are several ways of reporting grain size. 

Bain (1) says the most common are: 

1. Grains per sq 
2. .verage area or gain In sq inn 
3, Mean diameter of aln in n 

4. grain size (arbitrary number) 

He also states that the properties which are reflected by 

grain size are not sufficiently modified by sniall changes 

to 'warrant great accuracy in reporting grain size. 

It Is seen that grain size is the size of a grain of 

a decomposed phase or the steel. In the decomposition, 

the light colored ferrite, or pure iron, forms first in 

the grain boundaries of the austenite. The other deconi.. 

position product, pearlite, or dark area, forme 1thin the 

austenite grain. lth this method of segregation in 

deconiposition it is posib1u to count the austenitic grain 

size of steels containing sufficient carbon ( over 0.25 per 

cent). Because of the low carbon content or structural 

steel, Lernte is the predominate constituent as le 

Indicated later in the microgra[hs. Thus we too must 

make a qualitative, not quantitative, measurement of the 

grain size. 
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lierres and Jones (7) brin up tho subject of temper 

embrittlenient in steels high in manganese ur chromium. 

This embrlttlernent is caused by teperLìg or slowly cooling 

between the range of 750 to 1100 F. The cause has not been 

adequately explained as yet; however, due to the low content 

of manganese nd chromium in the test speci'i'iens, we will not 

be concerned with this embrittlement tendency. 

Occluded Gases 

The g&ses present in steels vary with the method of 

manufacture and the conditions to which the steel has been 

exposed. The presence of the gases in some forms is more 

detrimental than in other torras. It is believed that the 

nases present in steel consist chiefly of hydrogen, nitro- 
gen, carbon monoxide and oxygen. These may be either in 

the free state or in the combined state depending upon the 

elements present in the steel. It has been observed in the 

past that some of these gases may be partially eliminated 

by heating the steel in a vacuum. It has also been noticed 

that their evolution is more marked at the criticul points. 

Sauveur (19) has estimated the probable amounts of 

gases present in steel. In mild steel, he gives the oxygen 

content as 0.03 per cent and the nitrogen content from 0.001 

to 0.030 per cent with Bessemer steel containing more of the 

nitrogen than the open hearth electric steel. As rauch as 

0.20 per cent nitrogen may be introduced in iron by melting 

the metal in an electric arc usine bare electrodes and a 
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longer arce It is believed that nitrogen present in steel 

in excess 01' O.O3 per cent will be in the rom ol' the 

ltrlde ie4N and less tha this aaount will be held in solid 

solution by the iron ïrtrix. The nitride Is visible under 

the microscope in the form of needles, while in the solid 

solution containing the nitrogen or nitride, lt cannot be 

observed under the microscope. 

hn and liabembo (13) observed that mill practice has 

a considerable l:.f1uence UpOn the transition temperature of 

coinraercial steels. They found that the steel from one mill 

had a traslt1on temperture raxige between -10 and -30 i', 

while in another mill, the transition temperature range was 

between 60 nnd 20 i . Their work was just between mills with 

no control over mill practice. They did, hovever, indicate 

that one process should not disqualify a steel, as lt wus 

fund that the mill employing a semilcilled process had the 

high transition range and the mili using a rimming process 

1id the low transition temperature. It Is interesting to 

note, however, that Jlndenberg (2) lndic&tes a lower transi- 

tion tenperature for a killed steel than a seimiil1ed steel. 

hen the low carbon molten metal is poured Into a 

rimming steel Ingot, gas is liberated during the freezing 

rrocess. The gas and itapuritles present help determine 

whether the ingot will be of ood or poor material. The 

basic cause of segretion lles In the fact that impurities 
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aie less soluble In solid than In 11u1d iron. Ihe solid 

that for from tue Impure liquid is thererore nore neai1y 

pure tha the liquid Itself; thus, &s the inot cools, the 

ImpurIties should be eontInui1ly pushed toward the cexter 

ol' the Ingot. 

.Uayes (5) indicates that the evolved gas during the 

cooling 01' the ingot results in a stirring action prev;nting 

entrapment 01' impurities in the rimming steel. lie also 

indicates that the killed or semikilled steel will h:ve more 

entrapment due to the more moderate stirring action of the 

escaping gases. The killed and the semikilied steels 

gener1Ly have a s;nall amount of aluminum added after 

pouring to eliminute as much as osslble the presence of 

free oxygen in the steel. This is aecoal1shed by the 

forznation of 1'he conpound The aduition of aiuiairium 

also slows dovni the violent stirring or bubbling action of 

the gases evolved during solidification. 
McOutcheon (le) observed nd collected ses escdplrig 

fron Inots, He suggests that the major function of the 

alwalnuit addition in r1zim1ng steel is to delay rather than 

to dlmiish the evolution of gas. 

have from the above noted the se,reg :tIon of Imur1- 

ties toward the center and the bubbl1nÉ; action of gases in 

the free1n Ingot. It is in this process that lt may be 

possible also to obtain gases 1 the structure of the steel. 



It is obvious that sorne eases re present due to the blow 

holes found In the ingot. 

ilydrogen enibrittlexnent is a well-known phenomenon in 

the pltiL1; irAdustries because the ickliriç of the steel 

prior to plating results in the .bsorpt ion of h:»roen in 

many of the steels used. The preceice o1 hydrogen may 

easily be observed by taking a specimen contsining conisluor- 

able hydroen, coating lt with oil and then bending it. 
iiydroeri will be seerL torming small bubbles on the convex 

side, 
Zapfte (2) has developed a possible theory of the 

mechanism of hydro;en embrittlement. kie states that when 

the pressure of trie occluded gas exceeds a certain critical 

value, the intergranual stricture of the steel is suddenly 

deformed preventing subsequent slip movements. he occluded 

gas present in the interril pl.nar disjunctions constitutes 

imperfect structure of crystals. 

apffe further states that ductility is recovered not 

when all the g h.s been removed, but when the planar 

pressure has been reduced below the critical value; banco, 

when the critical preFcure is exceeded, the pockets of 

entrapped as can force intercoriìmunlcation with onç another, 

allowing the gas to ultimately reach the surrace atd escape. 

The mildest heating of the embrittled steel can affect 

recovery simply by Increasing the pressure of the trapped 

gas beyond the b3iance throttling force t trie pocket 
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boundaries. .n 1ncreiieit of L8 i3 thereby forced to the 

surface lu the valve-like action, and, upon cooling, 

controctiort of tìe residual gas phase ïiay thei result in 

pressures that are iieffective because they are less than 

the critical, 
Oxygen in steel Is ge:eraIly considered to be in the 

combined form. It is generally considered best to have the 

oxygen combine with alunlnuin or silicon rather than with 

the ferrite. ilopkins and Bìuberg (Ei) state that the 

deoxidation practice has a very iritluertial coítroi over 

the irapact properti6s of' structural steel. They state that 

silicon and aluiiiriurn Ki.Lled heats iaaintaiaed 3cceptable 

imDaCt values down to -100 F, while one of the heats 

deoxidied with silicon alone gave poor or erratic values 

of O i. They state that prorerly deoxidized low carbon 

StCOi Is satisfactory for service dowi to -100 F. Their 

bìsis of acceptance is a 10 foot pouLds minim for sub-zero 

service, using a Charpy impact specimen. The results of 

this program do not seem to correlate ith the values of 

sub-zero energy absorption. 

iluebler (9) conducted research in controlled vacuum 

heat treating. ile, too, was looking for the effect of 

vacuum annealing u:on various nufacturing operations. 

Lie annealed malleable iron in a vacuum and compared lt 

with other cormercial unneals, and found that the vacuum 

gave superior results but hnrdly enouh to warrant 
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coxnmc.rcia1 utlilzatlon of the process. The secoid procesß 

investiated was to find the effect o1 carbur1zin; Ltee1 

in a vacuum. It ws f3und, hoevor, that the carbon 

difrusion rate was identical in vacuum, n1troen, and 

In the conventional hydrogen containing carbur1z1n 

atiaosheres. The effect of vacuum annea11ig on hydrogen 

erabrittloment of deep-drawing steels was round to be 

neg11ib1e. The next vacuum treatment consisted of 

anea11ng test specimens in a vacuum and othc r commercial 

atmospheres arid theil quenching the specimens in sait water 

arid drawing. ll of the steels tested showed no cha;k:o 1r 

the irapact value at room temperature except a 4140 steel, 
a.d in this case lt was round that the vacuum annealed 

specimen was prfectly sound vhule the other specimens 

were badly qtvnch-eracked. He came to the conclusion that 

the physical proprtles, such as hardness, tensile strength, 

ad auctility (tested at room temperature) were not to be 

affected by vacuum heat tretlng. 

TEST PROGRâ.M 

Introduction 

The basic work to be accomplished by this test program 

Is to deteralne what effect vacuum annealing iii1 heve upon 

the low temperature embrittlement or ordinary structural 

steel plate. AS has been indicted previously, the harpy 

lipact test is one of the indictors of transition 
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teiperaturo. The fact, plus the sraall size of the available 

material, has raade th Charpy V-notch specimen the best 

in this test program. The very nature of the transition 
t*uperature makes it necessary to have a controlled 

temperature of test. irom the work of Iarshall (I'?) lt 
was tound that the transition temperature for tillS steel 

was between O and 100 F; therefore, the rance of tempera- 

tures selected should primarily cover this spread. To 

insure proper coverage, it is best to include temperatures 

a little above and a little below those expected in 

service conditions. .ith this in mind, we selected 140 F 

as above any normal atmospheric temperature. The lower 

limit was more of a problem as the brittleness of the 

metal increases rapidly with a slight decrease in 

temperature. As it has been recommended in literature 
written by Windenberg (22), lierres and Jones (7) und 

others, that the lowest teruuerture of test for normal 

uses in the LTnited States should be -40 F, we have 

selected this as our low test teniperuture. Spacing 

further test temperatures at convealent points, such as 

O, 32, 70, and 100 F, lt was possibie to have a close 

coverage of the transition temperature. 

The next major point of control is the condition of 

anneal. Da order to have proper control specimens it was 

necessary to test the specimens before annealing, after 

annealing in an Inert aaosphere, and after vacuum 
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annealing. In order to provide an inert atmoephere it 

was necessary to anneal the sped 'ens in nitrocen, As 

nascent nitrogen will react with the steel forming a hard 

nitrided surface, means of eliminating this viere taken. 

Haythorne (6) tested various metals and alloys in 

general use including low carbon and low alloy steels. He 

used a variety of test tperature and nitrogen atmos- 

pheres. Li. studying his results, it was found that with 

nascent nitrogen and a nitriding time of 144 hours, his 

maximum case depth found was 0.040 in. In the milling 
operation it was necessary to take approximately 0.0O in. 

from each side of the specimen; thus, in comparing this 
with the two hour annealing time, there was no nitriding 
of the tested specimen. The absence of nitride needles in 
the xaicrographs verifies this. 

As the only equipment available to anneal the specimens 

was ari, electric furnace with no means of controlling the 

atmosphere, it necessar to construct sealed metal 

cylinders to hold the specimens while annealing. iith the 

specimens in a closed container it was possible by means 

of pipes to control the atmosphere either inert or vacuum. 

The container used was a standard 2 in. steel pipe. It 
was necessary for the heat to travel from the outside of 
the pipo through the solid fill of spec1ens to the center 
for complete heat penetration. Allowing for the standard 
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rule of one hour per in. of thickness heatin, md checked 

by a thermocouple, it was neoesary to heat the pocirena 

for approx1iately 2 hours before the temperature ws in 

equllibriwa. It was necessary thon to hold them at this 

temper-ìture for the annea1in tirae. The annealin tine 

was selected arbitrarily at two hours as this checks with 

the nitridin speed and size of speciins. The annealing 

tenperatures were selected at 1100, 1500, and 1050 F which 

is just be10 the As1, the Ae3, and just above the Ao3 

respectively for the steel in question. These values 

permitted a f&ir1y good coverage or heat-treating ranges. 

Mat erial 
The n3aterials selected for these tests were fr the 

ends of the speciLiens used by arsha11 (17) in his thesis. 

This steel was under investigation for suitability for use 

in all-welded navigation locks and spillway gates for MeNary 

dein, Due to the small size of the specimens lt was possible 

to et then fron sections which had not been deforied in 

Marshall's testing progrem. All the specimens at the 

outset of this program wore in the as-rolled condition. 

Three types of steel were used by Marshall (1?) in 

his test program. The 0.33 per cent plain carbon steel 

was discarded as being an unrepresentative sample of 

rolled plate because of its high carbon center. The two 

types investigeted were an 0.11 per cent plain carbon 
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steel and a Layari-R steel. The chemical composition of 
those steels was supplied by the manufacturers as follows: 

C Mn P S Si Ni Cr Cu 
Mayan-fl 0.10 0.70 0.099 0.033 0.25 0.38 0.51 0.55 
Plain Carbon 0.11 0.51 0.013 0.038 

The letter designation "X" was given to the Mayan-fl steel 
plate arid "Y" was given to the 0.11 per cent plain carbon 

steel. 
Marshall's (1'?) test program included the tension 

testing of this material which Is as follows: 
st temperature 70 F 

Material X 

Y. P., psi 49,500 
Ultimate, psi 78,670 
Break, p81 71,000 
Liong. in 2" over 

Fracture- % 31.5 
Red. area- % 37.2 

Y 

33,100 
58,800 
48,600 

42 O 

55 g 

These vclues Indicate that the steels are in the structural 
grades. 

Preparation of Speclmens 

The preparation of the speciaiens for the Mayan-fl and 

the 0.11 per cent plain carbon steel vas identical. The 

standard Charpy V-notch specimen, as indicated in the 

diagr&m on page 25 is the finished product before testing. 
Liarshall's (17) test specimens for his bed test were 

in. by 1 in. by 12 in. Lue to the testing te:peratures 
and speed of test, all the deformation and plaotic flow was 

localized In the center of each specimen. It was then 
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CHARPY V-NOTCHED IMPACT SPECIMEN 
Metallic Materials 

sSThi Designation: E23 - 47T 
Issued 1933; Revised 1934, 1941, 1947 

ASThI Standards, 1947 Supplement Part IA 

)O Approz. 

Top View in Testing Machine 
Scale: 1" : 2 ein 10 ¡Din 

'cz.(O.394") 

J 1IJ55 (2.165") 10 
(0.394") 

Top View id View 
Scale: 1" : 2 cm 

0,25mm 
rad, 

Notch Detall 
No Scale 

Permissible Variations: 
Cross section dImensions ± 0.025 mm (0.001") 
Length ot specimen ± 0.25 mm (0.010") 
Angle of notch ± 10 



po81b1e to use the ends or those test speolasna Ln this 

test prora. In specimens tested at low temperature, 

eigat inpact speciraaxis could be cut froia the above xien- 

tioned specimen. In the higher temperature of te&t 

spccïnierì, it wa possible to cut only four pee1men, two 

from each end, due to the large deforrmt1ori in the center. 

All of Marshall's (1?) apeclutens were cut transverse to 

the direction oí' ro11in. s this was the direction ot 

cut desired, lt was necessary only to cut 2 1/4 in. from 

the end ot bts specimen and then out lt lengthwise, makln 

two pieces approxImately 1/2 in. by 1/2 In. by 2 1/4 in. 

This cuttIng was done by powerdrlven metal saw. The 

sides the specimens were left in this condition until 

after annealing. 

In order to properly identify the specimens, the ends 

were ground on a valve facer to the required length 

dimension of 2.165 in. and identifying numbers ìtamped on 

the ends. Those numbers were stamped so as to identify 

the rolled side of the speciten after subsequent machining 

operations. The number systetn Is givea in Table I on 

page 2?. This Indicated system Is for one material, the 

"X" and "Y" prefix segregetlng the two types. It should 

be noted a:ain that the ends of the specimens will be 

affected by the heat treatment. This will not affect the 

sectI of tha specimen that is being tested, boviever. 
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Table I 

TJT CD:DiTIO' OUThINi 
Specimen Numbering System 

X: Mayari.B 
Y Z 0.11 Plain Carbon 

Sarple Outline For One Material 
One Material 126 Specimens 

Te3t Temperature " ir 

Heat Treatment 140 100 70 32 0 -.40 

ikS Received n-1 1k-2 Th-3 XA-4 X-5 Xà-.6 

XA-.1 U-2 X&.3 XA-.5 fl..6 

XA..2 L3 :Ç-4 L.-5 
IL-3 fl.4 

1100 F N2 Th1 XB-2 XB-.3 4 C5 XB.-6 

Annealed XB-1 lB-2 Th-3 :I3-.4 )j3.5 

XB-2 XB-3 XB-4 XB-5 
XB.-3 3-4 

l&50 F N2 XC-.1 XC-.2 XC-.3 XC.4 XC-.5 XC..6 

Annealed XC-.1 XC-2 XC-.3 X0-4 XG-.5 XC-6 
XC-'2 XC-3 XC4 XC.5 

X0»3 XC..4 

1500 F N2 XD-.1 XD-2 XD-.3 XD-.4 XD-5 XD-6 
nnea1ed X1)-.1 XD-.2 ID-3 ID-4 XD-5 XD-.8 

XD-2 XD-3 XD-.4 XD-.5 

XD-3 XDuu4 

1100 P Vacunm XE-i XE-2 -3 XE-4 XE-5 ZE-.6 

Annealed XE-i XE-.2 ]C33 )fl4 )-.5 
XE-.2 )-3 12-4 lE-5 

lE-3 XJ-4 

1650 F Vacuum XF-1 XF-.2 )Çj-.3 )Ç...4 (j.u..5 XF-6 
Annealed XF-1 XF-2 XF3 XF-.4 )Ç5 Xi6 

]CJ...2 XF-3 XF-4 CJ5 Y3 ]CJ.4 

1500 F Vacuum XG-.1 X-2 XG-3 XG-4 XG- XG'4 
Ännealoi XG-1 1G-2 XG-3 XG.4 XG-5 XGP.6 

XG-.2 XG-.3 XG4 XG-.5 

XG-.3 XG-.4 



Standard 2 1/2-In, steel pipo was' then cut into ten- 

In, lengths arid plates arc ue1ded on one end forming six 

cylinders. The specimens were segregated and placed in 

their respective cylinders. The open end was welded 

closed vith a cap containing a 1/8 Inch pipe nipple four 

inches long. On three of the containers a hole was 

drilled Into the side of the pipe cylinder, and a one inch 

nipple was welded into the hole. The latter three were 

used for vacuum annealing the specimens. The three with 

the one pipe In th end were used for annealing in nitrogen. 

The vacuum annealing equipment set up Is indicated in 

Fig. 1, page 29. From this It is seen that a chrome].-alumel 

thermocouple was placed in the center of the specimens by 

introduction through the pipe welded into the end of the 

cylinder. The vacuum pump and mercury manometer were 

attached to the other pipe connection on the side of the 

cylinder. The vacuum maintained was at maximum available 

pump capacity and load which averaged about 0.11 In. Hg. 

absolute. 

The nitroden annealing equipment set up is indicated 

in Fig. 2, page 30. om this it is seen that a chromel- 

alunìel thermocouple was placed In the center of the 

specimens by introduction through the pipe welded into the 

end of the cylinder, and the nitrogen was admitted through 

the same pipe containing the thermocouple flowing through 

the cylinder and. out a all hole in the bottom of the 
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Fig. i 

Vaouunk Annealing Apparatus 



Pig. 2 

Kitroen annealing Apparatue 
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cylinder. These cylinders were then placed In a Hoskins 

electric furnace and the end of the Í'urnace sealed with 

fire clay bricks. The teiiperature was then automatically 

controlled by a Republic 1lectric Pyrometer and a thermo- 

couple lu the turnaco. The furnace triperature wa then 

checked on a reoordin ilson-Maeulen Tapalo, while the 

specimen temperature was checked throughout the annealing 

period with the internal Gr-Al thermocouple and a L and N 

potentiometer lndicatln the center specimen temperature. 

ifter the annealing process was completed, tue power 

on the furnace was turned off and the spec1ons allowed to 

cool in -the furnace with the vacuum maintained or nitrogen 

flowing until the specimens ware below 600 F. They were 

then taken from the furnace, the ends of the cylinders 

were sawed oft, and the speoiiiens retoved. The next 

operation consisted of milling the four sidos or the 

specimen8 to the reulred dimension of 0.394 in. This was 

done to remove approximately equal amounts of material 

from all 8ides ot the specimen. Approximately 0.050 in. 
of material from each side of the specimen was removed. 

This is more than the nitride penetration cited previously. 

The V-notches were then cut by a special milling attachment 

on a 9 In. lathe, making accurate control or the notch 

possible. 
Me tallography 

The motallographic specimens were eut from an 
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undefornied section of the -'-40 F impact specimens. One was 

taken for each specimen for every material condition. For 

one material, there was . raetalloraphic specimen for each 

condition of as received, n1troen annealed at 1100, 1500, 

and 1650 F and vacuum annealed at these same temperttures. 

The r:iet1lographic specimens were approximately a 

cube one ein. to a side. These cubes were then prepared for 

m.etallographio examination by grinding the cross sections 

of the speoir2ens on vari3us size carborunthim papers and 

finishing on metallographic polishing wheels. fter 

polishing, the specir!lens were etched with a 2 per cent 

solution of nital to make grain boundaries clear. 

The speciiens were then examined under a Baush and 

Lomb metallurgical microscope to determine the micro- 

structure of all the samples. It was found in this 

examination that the as received, 1100 nitrogen, 1500 

nitroen, and 1650 nitrogen specimens were representative 

or all the specinens for one material. icrographs were 

made of these specimens for each material. These 

microraphs are on pages 34, 36, 38, and 40. 

For the sake of e1rrity, we shall start with the 

Mayari-R specimen and discuss all of its conditions before 

discussing the 0.11 per cent carbon steel. In Fig. 4 

is shown the as-received condition of the Mayari-R. The 

light areas are the grains of ferrite and the dark areas 

the pearlite. The pearlite area is a laminar structure of 
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alternate layers of ferrite and Iron carbide or cementite. 

Fig. 5 is the 1100 nitrogen annealed specimen. lt la 

seen that this specimen is very sixallar to the as-received 

spec1en. The 1100 anneal is just sufficiently high to 

produce some stress relief in the specimen without 

changing 1t8 structure. Fig. 6 is a s;eciinen annealed at 

1500 F in nitrogen. In t1lc $peclraen, lt is seef.1 that the 

prains grow smaller, indicating that it is approaching the 

critical temperature, but had not gone above lt. It is 

also notei that a1thouh the pearlite is still dispersed, 

rows of rerrite are starting to torm. The 1650 F nitroen 

annealed specimen, Fig. 7, exhIbits small pearilte arid 

ferrite ralns similar to the 1500 specimen. s this 

specimen has taken on directional properties arid the 

pearlite has evidently recrystallized, we seo that this 

temperature is above the upper critical. The decided 

directional properties would tend to make this material 

brittle when testiri parallel to the rows of pearlite; 

however, In this test program, the specimens were notched 

and broken In such a manner that a cross-section perpendi 

culai' to the pearlite rows was broken. This, then, would 

reduce the directional properties and reduce brittleness 

to a minimum. 

The vacuum annealed specimens were so similar to the 

nitroen annealed specimens that they were not included in 

picture form. 7e shall compare them, however, with the 
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Fig. 6 

Mayari-R Steel 
3.500 F N .zmeal 

Dlreeticm o Rolling: Vertical 
:13.00 

:ìj ç. ., 

* 

'r' 
- 

; 

Fig. 7 

1ayari-R Steel 
1ö50 F N nneal 

Direction of Rolling: Iforizontal 
flOO 
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nitrogen annealed ia1crorajhs included. There 1 no 

observable difference between the nicrostructure of the 

1100 nitrogen atid the 1100 vacuum anneal, The 1500 

vacutmì annealed spec1iiei ws tn1lar to the 1500 nItrogen 

annealed peciiaen, with the pearlite dispersed in snialler 

grains, but definitely oriented In rows or strIngs. The 

l60 vacuum annealed specimen as similar to the 1650 

nitrogen specimen except that the pearlite grains were 

smaller and the rows of the pearlite were not as heavy as 

in the nitrogen specimen. 

Eour micrographs were taken of the 0.11 per cent 

carbon steel as was done on the Mayarlfl. The as-received 

spec1en in Fig. 8 shpw the pearlite and ferrite graiiìs 

and, in comparison with the Mayari-, it is aoted that the 

grains for the .11 per cent carbon are generally larger. 

As Hopkins and Blumberg (8) say, there is some beneficial 

effect to &aall pear1It, ferrite grain size, but it Is 

only qualitative and not quuntitative. It could be said 

that the grain size indicated in the as-received specimens 

would indicate slightly brittle teidency of the 0.11 por 

cent carbon, compared to the Mayarl-R. An interesting 

defect to note is the licht line running across the 

specimen. Jevons (12) attribtcs these to phosphorus 

segregation. 

The 1100 nitrogen annealed specimen Is practically 

Identical to the as-received except for a sllht change in 
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F1C. 8 

O.0 Per Cent Plain Carbon Eteel 
As Received 

Direction of Rolling: Vertical 
XlOO 
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Fig. 9 

0.1]. Per Cent Plain Carbon 3teel 
1100 F N2 anneal 

Direction of Rolling: liorizontal 
no o 
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the pearlite. The pearlite is starting to coalesce, 

gathering in the grain boundaries. It should be noted at 

this time that 1f the ferrite grain is completely enclosed 

in the hard and brittle pearlite much of the ductility 

will be lost. 
The 1500 F nitrogen sinealed specimen, Fig. lo, 

shows that the grains are slightly siiialler and more 

dispersed than the as received specimen, but it does not 

sesta to indicate that recrystallization has taken place. 

As the two specimens, 0.11 per cent carbon arid Mayarl-R, 

have slightly different composition, lt would be found 

that the MayariR with its added elements would probably 

have a different critical temperature than the 0.11 per 

cent carbon. This would Indicate that the plain carbon 

and the Mayari-R could have widely different crystal 

structure in the 1500 F anneal. 

The 1650 F nitrogen annealed specimen, Fig. 11, shows 

the ferrite arid pearlite grains slightly larger than the as 

receìved grains. It seems evident that this grain strue- 

ture has been rec:ysta11ized. There is also a small 

amount of directional orientation of the ferrite and pear- 

lite grains, as in the 1500 F nitrogen annealed specimen, 

but the directional properties of the 0.11 carbon steel are 

not nearly as pronounced as those found in the Mayarl-R. 

The 1100 and 1650 vacuum annealed specimens were so similar 

to their corresponding nitrogen annealed speclaena, that it 
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0.11 Per Cent Plain Carbon Steel 
1500 F N2 Anneal 

Direction of Ro1lin: Horizontal 
flOO 
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Fige 11 

0.11 Per Cent Plain Carbon tee1 
160 F N2 Anneal 

Direction of }o1iing Horizontal 
xl0 o 
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was impossible to tell any difference between the two. 

The 1500 F vacuum annealed specimen is practically the 

same as the 1500 F nitrogen anneal. It appears, however, 

that the vacuum annealed specimen may have recrystallized 

a slir,ht amount more than the nitrogen annealed specimen. 

The appearance of the fractured metal is a very 

roliable Indicator of grain size. Using 

sectirLen fractures viere examined to note 

in grain size, and all the specimens had 

same grain size. 
Charpy Impact Tests 

'hen the Impact specimens had been 

this method the 

any major change 

appreciably the 

completed and were 

rekdy for testing, they were segregated according to the 

test temperatures so that it would be possible to quickly 

run through one test temperature series at a time. The 

speciriens were broken on the stanthrd Charpy impact machine 

with a 21? foot pound capacity. It Is possible to bring 

the speeirens to the proper ternperiture, allowing a few 

degrees above or below for cooling or heating effect, then 

p1acin them Immediately In the testing niachine and breaking 

them at essentially the required tiperature. The test 
specineils at 70, 100, and 140 F were placed In water 

heated to the correct temperture as neasured by a mercury 

thermometer. The 2 F specimens were brought to tempera- 

turc by a mixture of salt, ice, and water. 11 of the 

lower test texaper2tures, O and -40 F, were obtained by 



46 

FIg. 12 

Charpy paet Iaeh1ne 
Viith Cooling Equipment 
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placing the specimens in the oil b th of a Laird Engineer- 

in Conipany refrigerating unit, arid temperature control 

was maintained manually with a Leeds and Northrup portable 

precision potentiometer using an iron-coustatan thermo- 

couple to measure tue temperature. 

àfter the specimens had been broken, the percentage 

of shear and the percentage of cleavage fracture was 

estimated for each test specimen, It i rather a simple 

process as the two fractures are easily distinguished. 
Tatnall (Il) indicates that a shear fracture is dull in 

appearance and the cleavage fracture is shiny. 's there 

have been var1o.s methods of analyzing the shear-to- 

cleavage fracture stated previously, the generally 

accepted practice, which .s the location of the transition 

teperature at 50 per cent shear and a 50 per cent cleavage 

fracture, has been used in this work. Table No. 2 page 

44 indicates the results eI' the shear-to-cleavage analysis. 

The curves on pages 48, 49, 50, and 51 are the 

graphical presentation of the average data obtained in 

the impact test. From these it is possible to visualize 

the effects that various treatments had upon the impact 

properties of the xnaterluls. hardness survey was made 

to detennine the effect on hardness ei the various heat 

treatments. This was conducted on a i1son-Rockwell 

ilardness Tester, RB hardness using a 1/16 in. ball and a 

100 kilogram load. Â summary et the hardness data i 
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Tab1 2 

UiÄY OF 50 PER CENT 3HFAR 
.ND 50 PER CE CLEAVLGE FRACTURE 

X: Mayari-.R 

Treatment Approx. Tras1tion Tenperature 
in Degroes Fahrenheit 

h.s ece1ved 90 

1100 N2 innei1 120 

1500 N2 nnea1 85 

1t50 N2 flflOU1 

1100 Vacuum nnea1 100 

1500 Vacuum anneal 80 

1650 Vacuum Anneal 70 

Y : 0.11 Por Cent Carbon 

Teceived 55 

1100 N2 Anneal 55 

1500 N2 Anneal 75 

150 12 nnea1 65 

1100 Vacuum Anneal 75 

1500 Vacuum Anneal 100 

1650 Vacuum Anneal 100 
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ib1e 3 

IiLBflNS StTh!MJY 
RB HardneaB loo Kilograms 

Load on 1/16 In. Bail 
Tested on Edge 
X Mayan-fl 

Treatrient Specl:ien Hardness 

As Received XA 61.7 

N2 1100 XE 85.4 

N2 1650 XC 78.7 

N2 isoo XD 77.1 

Vac. 1100 XE 85.0 

Vac. 1650 XF 78.7 

Vac. 1500 XG 77.7 

Y = 0.11 ier Cent Carbon 

As Received Ya 64.8 

N2 1100 YB 67.8 

N2 1650 YC 58.0 

N2 1500 YD 62.? 

Vac. 1100 YE 63.2 

Vac. 1650 YF 57.5 

Vac. 1500 YG 60.7 
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listed in table 3, pase 45. 

Implication of Results 

In exarnin.ation of the test summaries, there are 

several interesting facts to be noted. It must be 

reineribered that the data as presented are all based upon 

different criteria of transition teuiperature arid their 

effect upon ductility. The purpose of this test program 

was to riad the effect, il' any, of vaouuni annealing upon 

the impact properties of structural steel plate. In order 

to clarify this effect, a brief qualitative correlatIon of 

the above data is necessary. The micrographs tend to 

indicate that there v1ll be a slight softening of both 

metals upon heating at the 1500 and 1650 F temperatures. 

This was substantially followed by the hardness survey, 

except for the fact that in each material the as-received 

hardness was approximately three RB above the 1100 F 

anneal. The inicrostructure also indicated that the 0.11 

per cent carbon had. a slightly larger grain size than the 

Mayarl-R steel. It Is then possible to assume that this 
may have had something to do with the low temperature 

properties below O F of the 0.11 per cent carbon in 

comparison to the Mayarl-R steel. The 0.11 per cent carbon 

has lower impact values at -40 F than the Mayan-B. 

The curves on pages 48, 49, 50, and 51 are a good 

basis for a possible explanation of the test results. If 

the curve is hlher aad to the left, lt is an improvement 



of the transition range. It Is generally noted that the 

nitrogon annealed specimen curve.s are hiher and to the 

left than aro the as-received curves. It is also seen In 

the 0.11 per cent carbon that the vacuum annealing at 

higher teperatnres had 'noved the curve to the right. In 

the Mayan-H steel the vacuun annea11n at higher tempera- 

tures raised the curve slightly. In all Instances the 

nitrogen annea11n appears to be better thai the 

corresponding vacuum annealing. In the previous discussion 

of occluded eases, Zapfte (23) preseuited a theory for 

hydrogen embrittlement. 11e indIcated that the gas reaching 

a critical pressure deformed the Intergranular structure of 

the steel, If this theory is applied, the lowering of the 

pressure of vacuum anne-al would increase the critical 
pressure of the occluded gases within the specimen. The 

resultant deformation of the intergranular structure of 

the steel would prevent slip and bring about o loss in 

ductility. It must be remembered, though, at these 

tempertures the gas is presumably removed and any 

distortion would be relieved by the temperature. 

The curve data do not appear to follow the shear- 

cleavage fracture results. The closest obtainable curve 

would be the shear cleavage data In a qualitative 

comparison with the 0.11 per cent carbon steel. The 

Mayan-E steel does not follow the curve whatsoever. In 

a comparison of the 50 per cent shear and 50 per cent 







t 
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c1eavae fracture with the other test results, the two 

materials vary separately. The 0.11 per cent carbon steel 

would tend to follow the curves just discussed, while the 

Myari-R steel follows in a qualitative manner the 

fluctuations in hardness in the hardness summary of 

MayariR. There is no apparent correlation between the 

shear cleavage fracture and hardness summary of 0.11 per 

cent carbon steel. 
The curves Indicate a transition tperature range 

rather than a definite transition temperature, while the 

shear-to-cleavage fracture arbitrarily places one transi- 
tion temperature. Comparison of the upper limlt'of the 

transition temperature range from the curves agrees in 

some instances with the transition temperature &pproxirnated 

by a shearto-c1eavage fracture. The correlation, however, 

Is not in the majority. 

The above discussion has brought out several unusual 

correlations of data received from one material and not 

from another. It would seem possible that the material 

composition and previous treatmeìit would have considerable 

effect as is indicated by the test results md previous 

findings of other investigators. 

GENERAL CONCLUSIONS 

The Charpy impact test, as every other test, is not 

an acceptable indicator of transition temperature because 
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rio one will aree to one peciiaen or one group of 

specimens. rfle Charpy iripact test is accepted, however, 

by sortie 1nvest1ators as an Indicator. This progrw was 

undertken to Lserve In a jualltativc maimer the erfect 

of vaouura annea11n upon this indicator of transition 

temperature. In general lt may be said from the data 

obtained that vacuum annealing has little, if not a 

detrimental, effect upon the impact properties of both 

the Mayari-R and the 0.11 per cent carbon steel. There 

Is a possibility that annealing material in an inert 

atiosphere near or above its upper critical temperature 

may beve a beneficial effect upon Its impact properties. 

It would seem that further vork with a variety of test 
specimens would be warranted. 
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APPENDIX 

HARDNESS DATA 
RB Hardness 100 Kllogrsm 

Load on i/ie" BaU. 
Tested on Edge 
X : MayariR 

Y s 0.11 Per Cent Carbon 

Treatment Speoiien Hardness Average 

As }eceived XA 1 81 82 
81 61 

XL.'8 8]. 81 
1k-6 83 84 81.7 
YÁ-1 65 67 
YA-]. 65 64 
YA-6 67 84 
YA-8 64 64.8 

L) 1100 XB - I 87 88 
A, XB-1 83 85 

B- 6 86 86 
XB-6 85 84 85.4 
m-1 8 68 
YB-i 72 71 
YB-6 68 68 
YB-8 64 64 67.8 

Ni650 
(- 

XC-]. 81 80 
XC-]. 78 78 
X0-6 7 7? 
XC-8 78 79 78.7 
YC-.]. 56 58 
YC-1 60 60 
YC-8 58 57 
YC-6 58 59 58.0 

N21500 ID-1 74 78 
XD-1 76 77 
ID-6 77 79 
ID-6 78 77.1 
YD-]. 5 63 
YD-]. 62 86 

YD-6 67 66 
YD-6 6] 

64 82.7 



8 

HARD]ESS DATA (Coiit.) 

Tre*tnient S;eciiaen Hardne Averaßc 

Vac. 1100 XE 1 82 83 
02 85 

XE..6 89 8? 
XE-6 87 85 85.0 
Y-1 62 62 
YE-i 61 64 
YE-6 63 63 
YE-6 64 6? 6.2 

Vac. 1650 XF - i 78 50 
x:F-1 ?9 79 
)-6 99 77 
u.I. 6 79 79 78.? 
u.1 56 59 Y*1 60 55 
YY6 58 57 
TF6 58 5? 57.5 

Vac. 1500 XG - 1. 77 79 
XG-.1 79 78 
XG-6 76 79 
XG 6 7? 77 7'?.? 

YG-1 59 62 
YG-1 58 59 

YG-6 61 61 
YG - 8 63 63 60.? 
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flACT TEST DTA 
Test Temperature 140 F 

Specimen i 
X : Mayan-H Steel 

y 0.11 Per Cent carbon Steel 

n1e Ft. Lb. 
H.T. Specimen of Absorbed Average Fracture 

Swing Sii Cl 
- 

i.R. X. - i 12.6 29 80 20 
::; - i 128.9 35 32.0 90 10 
YÁ.i 118.0 53 100 0 

YA i 11e. 52 52.5 98 2 

N2 XB - i 126.3 40 80 20 

iIoo XE - i 128.9 5 37.5 50 50 

YBa.). 114.5 59 85 iS 

YB - i 109.4 69 64.0 99 1 

i xc - i 116.1 b6 99 1 
150 XC - i 113.5 61 58.5 99 1 

yo - i 112.2 63 90 10 
yc 1 112.8 62 62.5 90 10 

N, XD - i 115.8 5V7 95 5 
i0Q XD - i 122.8 46 51.5 98 2 

YD - i 115.4 5? 75 25 
YD - i jr, 57.0 Th 2 

Vac. XE - i W1.3 31 80 20 
1100 XE - i 132.5 29 30.0 75 25 

YE-i 119. 0 9g i. 

YE - i 1:L.5 50 50.0 99 1 

Vae. i 12).1 45 100 0 

1S0 XF - i 124.0 42 45 100 0 

yr-i 119.1 51 65 35 
Y.F - i 121.1 48 49.5 75 25 

Vac. 10 - i 119.4 50 95 5 

1500 XG - i 121.5 47 48.5 90 10 
YG-i 118.0 53 80 20 
1G - 1 118.5 52 52.5 85 15 

a.r. 

_.-Ir 

: fleat roatment 
5H - Shear break In por cent 
01 : Cleavage break iu per cent 



IMPACT TEST DATA (Cont.) 
Te8t Temperature loo F 

Specimen 2 

Angle Pt. Lb. 
H.T. pec1nen or Áb8orbed ..verage Fracture 

- -j--- . - _3LL_ _ ------ 3H Cl 

A.R. li - 2 135.8 25 60 40 
XA - 2 136.0 25 50 50 

' x - 2 l.4 26 25.3 55 45 
YA 2 l3.3 44 00 20 
YA 2 125.8 4]. 80 20 
YA - 2 124.? 42 42.3 75 25 

N2 XB - 2 127.0 38 35 85 
1100 XB - 2 132.5 29 25 75 

XB - 2 135.9 26 31.0 30 70 
Y13 - 2 111.6 65 85 15 
Th-2 117.1 55 80 20 
YB - 2 121.0 48 56.0 90 10 

N2 XC - 2 115.6 57 80 20 
1850 XC - 2 114.5 59 90 10 

XC - 2 117.3 54 56.6 85 15 
Yo 2 116.0 56 70 30 
IC - 2 118.6 52 65 35 
YC - 2 111.3 65 57.6 75 25 

N9 ID-2 13.8 44 70 30 
100 X:D 2 121.8 47 60 40 

XD - 2 119.2 50 47.0 70 30 
YD-2 112.6 63 80 20 
YD- 2 115.5 57 75 25 
YD - 2 112.? 63 61.0 80 20 

Vac. XE - 2 135,5 26 50 50 
1100 XE - 2 134.1 2? 50 50 

XE - 2 134.0 2? 26.6 46 55 
TE-2 115.1 58 75 25 
TE-2 122.1 45 70 30 
YE - 2 118.4 5 51.6 85 15 

Vac, - 2 125.8 41 85 15 

1660 X? - 2 125.6 41 0 10 
'X? - 2 127.0 38 40.0 80 20 
Yì - 2 124.1 43 60 40 
YF-2 121.7 4? 50 50 
Y? - 2 126.4 39 43.0 50 50 
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IMPACT TEST DATA (Cont.) 
Test Temperature 100 F (Cont.) 

LT. Specimen 
Ang1?t. 
of 
Swing 

Lb. 
bsorbed Average Fracture 

SU Cl 

Vac. XG - 2 126.0 40 65 35 
1500 XG - 2 127.1 38 65 35 

XG - 2 126.2 39 39.0 75 25 
YG-2 123.1 45 55 45 
YG - 2 119.8 49 50 50 
YG - 2 123.3 45 46.3 55 45 
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Tha:.CT TIST DATA (Cont.) 
Test Temperature 70 F 

Specimen 3 

7_ - - - - 

H..T, Specimen 
Angle 
ot 
Swing 

Ft , Lb. 
Absorbed Average acture 

Sli 01 

A.R. fl - 3 136.4 25 30 70 

X&3 137. 23 30 70 X3 139.3 21 25 75 

XA 3 135.6 26 23.? 30 70 

YA 3 127.4 38 60 40 
YA 3 127.0 38 55 45 
YA 3 127.8 37 70 30 

YA 3 127.2 38 3?.? 80 20 

N2 XE 3 137.5 23 25 75 

1100 XB 3 133.8 28 30 70 
XB-3 133.8 28 30 70 

XB 3 132.0 30 27.2 30 70 
YB - 3 123.3 45 50 50 
YB - 3 124.? 42 55 45 
YB-3 121.4 47 75 25 
YB - 3 124.1 43 44.2 60 40 

, xc - 3 118.3 52 50 50 
15o xc 3 117.5 54 45 55 

::c 3 119.1 51 50 50 
xc 3 118.4 52 52.2 50 50 

YO 3 117.4 54 50 50 

YO 3 123.3 45 40 60 

YO 3 124.? 42 50 50 
Yc - 3 123.0 45 46.5 40 60 

N2 XD - 3 129.2 34 40 60 

1500 xD - 3 121.5 47 35 65 

XD-.3 131.0 32 35 

XD - 3 129.4 34 36.7 40 60 

YD-3 115.5 57 50 50 

rD-3 122.1 46 25 75 

YD - 3 124.8 42 35 65 

YD 3 121.6 4? 48.0 45 55 

Vac. XE - 3 138.4 23 25 75 

1100 XE - 3 140.0 21 25 75 

XE.3 137.0 24 25 75 

XE - 3 138.8 22 22.5 25 75 



flPACT T1LT DATA (Cont.) 
tl'eEt Teniperature 70 1 (Cont.) 

.ne Ft. Lb. 
H.T. Epeciien of .borbcd verae Fracture 

Swing 3H Cl 

yac. YE - 3 12ô.1 40 40 tO 
1100 YE - 3 128.0 3? 55 

TE-3 124.1 43 C0 40 
YE - 3 125.0 40 40.0 40 00 

Vac. ] - 3 128.3 3 50 50 
1650 XF - 130.9 32 45 55 

Xl-. 3 126.7 39 50 50 
X? - 3 131.3 31 34.5 45 55 
YF - 3 130.2 33 40 60 
YF3 130.2 33 30 70 
TP 3 130.0 33 25 
Y, - 3 130.0 33 33.0 30 70 

Vac. XG - 3 131.1 31 45 55 
1500 XG - 3 129.8 34 45 55 

xci - 3 131.1 31 40 60 
XG - 3 127.4 3? 33.2 40 60 
YG - 3 133.1 29 35 65 
YG-3 129.9 34 40 60 
YG-3 125.? 41 35 65 
Yck - 3 130.1 33 34.2 65 



IMPACT TE$TDAT (Cant.) 
Test Temperature 32 F 

Specimen 4 

H.P. Specirren 
An1e 
of 

Swing 

Ft. Lb. 
Absorbed Average Fracture 

5ff Cl 

x - 4 134.0 28 10 90 
Xi-4 136.5 25 10 90 
xi 4 137.6 23 10 90 

- 4 143.3 1'? 23.2 10 90 
YA - 4 135.1 26 20 80 
YA-4 132.8 29 20 80 
TA-4 134.3 27 2 76 
YA - 4 135.0 26 27,0 2 '75 

N2 IB - 4 136.7 24 10 90 

1100 XB - 4 140,0 20 5 95 
XB-4 125.6 41 5 95 
XB - 4 141.2 19 26,0 5 95 
YB-4 135.4 26 20 80 
Th-4 130.1 33 30 70 

YB 4 130.5 32 30 70 

YB - 4 122. 46 34,0 20 80 

N2 XC - 4 122.8 46 40 60 

1650 XC - 4 123.7 45 30 70 
XC - 4 126.3 31 25 75 

XC - 4 122.3 46 42.0 26 75 

YC - 4 131.0 32 15 85 

Yc - 4 123.8 44 20 80 

Ye - 4 123.4 44 20 80 
YC - 4 126.9 38 39.5 15 

N2 XD - 4 130.6 32 20 80 

1500 XD - 4 130.7 32 15 85 

XD - 4 132.5 30 20 80 

xn - 4 128.1 36 32.5 25 75 

YD - 4 128,3 36 20 80 

Yl) - 4 124,6 42 20 80 
Yl) - 4 129.5 34 25 75 

YD - 4 130,0 33 362 25 75 

Vac XE - 4 139.1 22 10 90 

1100 X - 4 142.0 18 10 90 
X-4 139.7 21 5 95 

E 
- 

_. .. . -_ -. .. 

- 4 

.. 

139.4 21 20.2 5 95 
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IMPACT TEST DàT (Cont.) 
Test Tperature 32 F (Cont.) 

Angle ]?t. Lb. 
H.T. Specimen of Absorbed Average Fracture 

Swing Cl 

Vac. YE - 4 132.1 3U 25 75 

1100 YE - 4 133.0 35 65 
YE - 4 131.3 31 25 75 

YE - 4 134.0 28 29.2 25 75 

Vac. XF - 4 132.5 30 30 70 

1650 XF - 4 134.3 27 20 80 
XF-4 133.8 28 25 75 
X? - 4 133.5 28 28.2 25 75 

YP-4 148.1 10 20 80 
Y? - 4 147.5 U. 20 80 
YF - 4 143.6 lt$ 20 80 
YF - 4 146.0 13 1.2 20 80 

Vac. XG - 4 133.8 2t3 25 75 

1500 XG - 4 134.0 28 25 75 

XG - 4 134.2 2? 25 75 
XG - 4 134.8 2? 27.2 20 80 

1G-4 141.1 J 15 85 
YG-4 140.0 20 20 80 

YG - 4 148.0 10 20 80 

YG - 4 146. 12 15.2 25 75 
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IMPAJT TEST DATA (Cont.) 
Test Temperature O F 

Specimen 5 

Angie Ft. Lb. 
H.T. Specimen of Absorbed Average Fracture 

Swing 8H Cl -- 

Â.R. X - 5 140.5 19 5 95 
Xii-5 14]..g 18 5 95 
XA - 5 138.2 23 20.0 5 95 
YA - 5 138.1 23 15 85 
YA - 5 137.8 24 25 75 
YA - 5 140.5 19 22.0 20 60 

N2 XB.5 134.7 27 5 95 
1100 XB - S 142.1 18 5 95 

IB - 5 139.? 21 22.0 2 98 
YB 5 133.3 28 15 85 
YB - 5 140.9 20 25 75 
YB - 5 133.0 29 25.6 20 80 

N2 XC - 5 124.0 43 20 80 
1650 XC - 5 127.8 3? 25 75 

XC - S 132.4 30 Z6.6 25 75 
YC-5 140.2 21 5 95 
YC - 5 129.8 30 25 75 
Ye - 5 149.2 9 20.0 5 95 

N2 ID-5 135.0 26 5 95 
1500 ID - 5 128.8 36 10 90 

x:D - 5 130.0 29 30.3 20 80 
YD-5 143.9 15 5 95 
YD-5 153.2 5 5 95 
Yr) - 5 132.6 29 16.3 10 

Yac. XE - 5 141.5 19 2 96 
1100 XE 5 138.6 23 2 98 

XE - 5 138.8 23 21.6 2 98 
YE-S 135.6 26 20 80 
YE - 5 138.0 23 20 80 
YE - 5 131.8 30 26.3 20 80 

Yac. XF - 5 136.4 25 25 75 

1650 XF - 5 140.1 21 15 85 
XF 5 137.4 23 23.0 2S 75 
YF5 153.4 5 s 

YF5 152.6 6 5 95 

YF5 151.3 7 6.0 5 95 



LTACT TEST DATA (Cont.) 
Test Teiiperture O F (Cont.) 

li.T. Specimen 
n1e 
01' 

Swing 

Ft. Lb. 
Absorbed Average fracture 

5H Cl - 

Vac. XG - 5 lb.4 26 10 90 
1500 XG 5 138.1 23 lO 90 

- 5 138.4 22 27.0 10 90 
YG-5 152.9 8 3 97 
YG-5 153.4 5 3 9? 
YG - 5 154.5 4 5.0 3 9? 



IMPACT TEST DATA. (Cont.) 
Test Temperature 4O F 

Specimen & 

Angle Ft. Lb. 
H.T. Specimen of Absorbed average Fracture 

Swing sa Ci 

A.R. l.A - 6 145.5 13 3 9? 
L - 6 144.1 15 14.0 1 99 
YA-6 151.6 7 7 93 
YA - B 154.3 5 6.0 5 95 

N2 XB-8 140.? 20 1 99 
1100 IB - 6 147.0 12 18.0 1 99 

YB-6 144.0 15 3 97 

YB - 6 150.8 8 11.5 3 97 

N2 XC - 6 132.0 30 10 90 
1650 XC u' 126.4 39 4.5 20 80 

YC6 154.1 5 2 98 
Yo C) 154.2 5 5.0 2 98 

N2 XD 6 128.2 36 5 95 

1500 XD ô 137.j 24 O.0 7 93 
YD-6 155.8 3 2 98 
YD - 6 151.8 7 5.0 2 98 

Vac. XE - 6 142.3 18 2 98 
1100 XE 6 146.5 12 15.0 1 99 

YE-8 152.0 6 2 98 
YE ô 154.3 5 5.5 2 98 

Vac. ) - 6 140.8 20 5 95 
1650 .F - 6 i?.0 24 22.0 10 90 

Y.F-6 154.3 5 2 98 
YF 6 154.9 4 4.5 2 98 

Vac. X0 - 6 133.2 2 10 90 
iQ0O XG - 6 135.2 26 27.5 5 95 

YG-6 155.6 3 1 99 

YG - 6 156.1 3 ¿.0 1 99 


