
UNCLASSIFIED 

.„257976 
lieptoaMced 

luf. tlie 

ARMED SERVICES TECHNICAL INFORMATION AGENCY 
ARLINGTON HALL STATION 
ARLINGTON 12, VIRGINIA 

UNCLASSIFIED 



NOTICE: When government or other drawings, speci- 
fications or other data are used for any purpose 
other than In connection with a definitely related 
government procurement operation, the U. S. 
Government thereby Incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern- 
ment may have formulated, furnished, or In any way 
supplied the said drawings, specifications, or other 
data is not to be regarded by Implication or other- 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented Invention that may in any way be related 
thereto. 



OTS    PB     171423 DMIC   Report   154 

May 25, 1961 

IS 

OQ 

)     [ 

EVOLUTION OF ULTRAHIGH-STRENGTH, 

HARDENABLE STEELS FOR 

SOLID-PROPELLANT ROCKET-MOTOR CASES 

CD 

■        i   tmmmgm 

CD 

■sCOO 
CJ><C 

^^ 

DEFENSE   METALS   INFORMATION   CENTER 

Battelle   Memorial   Institute 

Co lu mbus   1,    Oh io ^   MA 
ER| 

JJEÜQ 

..J\\\ 



The Defense Metals Information Center was established at 
Battelle Memorial Institute at the request of the Office of the 
Director of Defense Research and Engineering to provide Govern- 
ment contractors and their suppliers technical assistance and 
information on titanium, beryllium, magnesium, refractorymetals, 
high-strength alleys for high-temperature service, corrosion-and 
oxidation-resistant coatings, and thermal-protection systems. Its 
functions, under the direction of the Office of the Secretary of 
Defense, are as follows: 

1. To collect, store, and disseminate technical in- 
formation on the current status of research and 
development of the above materials. 

2. To supplement established Service activities in 
providing technical advisory services to pro- 
ducers, melters, and fabricators of the above 
materials, and to designers and fabricators of 
military   equipment   containing  these   materials. 

3. To assist the Government agencies and their con- 
tractors in developing technical data required for 
preparation of specifications for the above ma- 
terials. 

4. On assignment, to conduct surveys, or laboratory 
research investigations, mainly of a short-range 
nature, as required, to ascertain causes of trou- 
bles encountered by fabricators, or to fill minor 
gaps in established research programs. 

Contract No. AF 33(616)-7747 



OTS PB 171423 DMIC Report 154 
May 25,   1961 

EVOLUTION OF ULTRAHIGH-STRENGTH, 
HARDENABLE STEELS FOR 

SOLID-PROPELLANT ROCKET-MOTOR CASES 

by 

H.   J.   Hucek, A.   R.   Elsea, and A.   M.   Hall 

to 

OFFICE OF THE DIRECTOR OF DEFENSE 
RESEARCH AND ENGINEERING 

DEFENSE METALS INFORMATION CENTER 
Battelle Memorial Institute 

Columbus 1, Ohio 



TABLE OF CONTENTS 

Page 

SUMMARY  i 

INTRODUCTION  3 

TYPES OF STEEL IN USE OR UNDER CONSIDERATION  3 

General Comments  3 
Low-Alloy Hardenable Steels  9 

Chromium-Molybdenum Steels  11 
Chromium-Nickel-Molybdenum Steels  14 

5Cr-Mo-V Steels  19 

DISCUSSION OF FACTORS IN THE USE OF HARDENABLE STEELS 
FOR SOLID-PROPELLANT ROCKET-MOTOR CASES  23 

Fabrication and Welding  23 
Heat Treating  25 
Short-Time Elevated-Temperature Properties  29 
Notch Sensitivity  3Q 

Hydrogen Embrittlement  33 
Ausforming as a Method of Increasing Strength  34 
Vacuum Melting  35 

REFERENCES  37 



EVOLUTION OF ULTRAHIGH-STRENGTH, 
HARDENABLE STEELS FOR 

SOLID-PROPELLANT ROCKET-MOTOR CASES 

SUMMARY 

This report discusses the evolution of the current roster of special 
steels which are used or are being considered for use in solid-propellant 
rocket cases, and shows their relationship to the older, more familiar 
steels.    The evolution is traced from AISI 4130, through AISI 4340 and its 
modifications, and includes the 5Cr-Mo-V steels (hot-work die steels). 

The discussion covers the influence of composition on performance 
and properties, response to tempering and the effects of tempering, and 
the differences and similarities among the steels.    Also included are com- 
ments on such matters as fabrication, welding, heat treating, notch sensi- 
tivity, decarburization, high-temperature properties, and the benefits of 
vacuum melting. 

The information in this report was obtained from the Defense Metals 
Information Center files at Battelle Memorial Institute and from other pub- 
lished literature. 
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INTRODUCTION 

For numerous reasons,  solid-propellant rocket-motor cases are 
constructed from moderately thin sheet metal.    Considerations of avail- 
ability, price, mechanical properties,  and technical background make 
steel a favored material from which to construct these cases.     However, 
stringent strength-to-weight requirements demand the utmost in strength 
and reliability from steel.     Thus, it has become necessary to develop 
steels which can be used satisfactorily in thin sections at extremely high 
strength levels.    Concomitantly, requirements with respect to all me- 
chanical properties,  surface stability, fabricability,, and dimensional tol- 
erances have become extremely exacting. 

In order to meet these  exacting requirements,  many steels have 
been tested and evaluated.     In addition, many proprietary steels,   some 
with unfamiliar trade names,  have been introduced into the technology of 
rockets  and missiles.     The combination of a special name and a special 
heat treatment may  seem to   set a certain steel apart as being a new or 
different material.     Usually,  however,  these  steels fall into a known class 
and actually are modifications of the older or more basic members of that 
class.     The purpose of the modifications,  and corresponding alterations in 
fabrication methods and heat treating procedures,  is to provide materials 
particularly suited to the intended application.     It is the intention in this 
report to describe how and why the high-strength steels presently used 
were evolved for solid-propellant rocket-casing application and to show 
their relationship to the more familiar steels. 

TYPES OF STEEL, IN USE OR UNDER CONSIDERATION 

General Comments 

The development of ever higher  strength in steels has long been the 
goal of much research in ferrous metallurgy.     Through the years,  espe- 
cially because of the persistent demands of the aircraft and missile indus- 
tries,  the strength level of steel has been raised progressively.    Currently, 
for the larger solid-propellant rocket-motor cases,   steels with strength- 
to-weight ratios in the order of 1,000,000 are desired (i.e.,   some  280,000- 
psi tensile  strength).     The primary means of increasing  strength in steel 
has been to increase the alloy content and to lower the tempering tempera- 
ture after quenching. 

Most of the  steels which are being used,  or are being investigated 
for use,  in present-day missiles can be  divided into two major groups:    the 
low-alloy engineering steels   and the Cr-Mo-V hot-work die steels 



(H-ll and H-13 types).    The low-alloy engineering steels can be further 
subdivided into chromium-molybdenum (AISI 4100 series) and chromium- 
nickel-molybdenum (AISI 4300 series) types.    Figure 1 shows a classifica- 
tion of typical steels in ';he three families.    At the top of each list in the 
figure is a typical standard AISI steel in the family, while a number of 
proprietary steels and modifications are listed below. * 

The steels listed in Figure 1 have several similarities.    High 
strength is achieved in all of them by heating to temperatures where the 
austenite phase is stable,  cooling so as to transform the austenite to 
martensite, and tempering the martensitic structure to the desired hard- 
ness.    All are susceptible to decarburization during fabrication and heat 
treatment.    Although the hot-work die steels are  slightly more corrosion 
resistant than are the low-alloy engineering steels, they,  too, must be 
protected from their environment during shipment and storage after fabri- 
cation.    Hydrogen embrittlement is a possibility to be considered in all 
heat-treated steels that have been pickled or plated.    As the strength 
levels are increased, these steels all become increasingly notch sensitive. 

Cr-Mo 

Cr: 0.50-0.90 
Mo: 0.12-0.20 

Typical Steels and 

Modifications 

AISI 4130 
AISI 4140 (Mod.) 
17-22-AS 
Airsteel X-200 
UHS-260 
UCX-2 
MBMC No. 1 

5Cr-Mo-V 

Cr-Ni-Mo Hot-Work Die Steels 

Cr: 0.50-0.80 Cr: 5.00 

Ni: 1.80 Mo: 1.50 

Mo: 0.25 V:   0.40-1.00 

• 
Typical Steels and Typical Steels and 

Modifications Modifications 

AISI 4340 H-ll 

AMS 6434 H-13 
D-B-AC Crucible 56 (Peerless 56) 

300-M Crucible 218 
USS Strux Potomac A 
Super Tricent Potomac M' 
HY-Tuf Vascojet 1000 

Unimach 1 
Unimach II 
Dynaflex 

FIGURE  1.   STEELS USED IN SOLID-PROPELLANT ROCKET-MOTOR 
CASES, CLASSIFIED BY COMPOSITION TYPE 



Martensite is the hardest and strongest transformation product of 
austenite.    Its strength is to a major extent dependent on its carbon con- 
tent, as is suggested in Figure 2.    As a consequence, the maximum 
strength and hardness attainable in a steel so heat treated as to have a 
completely martensitic structure is equally dependent on the carbon con- 
tent.     The addition of alloying elements has a minor effect on the ultimate 
strength but may change the yield-to-ultimate strength ratio, the depth of 
hardening on quenching (hardenability), the tendency toward decarburiza- 
tion,  the resistance'to softening on tempering,  and'the notch sensitivity. 
The alloying elements commonly added to steel and a summary of their 
effects are listed in Table 1.    All of the elements listed, with the exception 
of cobalt, increase hardenability; that is, they promote strengthening 
throughout the cross section of larger parts.    Molybdenum and chromium 
also contribute to strength at elevated temperatures.    Since all the  steels 
used at high-strength levels are tempered after hardening, a brief dis- 
cussion of the reasons for tempering and of the effects of tempering on the 
structure and properties of the steel should help to clarify the function of 
alloying in martensitic  steels. 
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FIGURE 2.     THE MAXIMUM OBTAINABLE HARDNESS OF 
UNTEMPERED,   FULLY MARTENSITIC 
STEEL AS A FUNCTION OF CARBON CONTENT 

The relationships among carbon content,  hard- 
ness,  and tensile  strength are approximations .^1 r 

The hardness of a fully martensitic steel is virtually at a maximum 
when it is in the untempered condition. However, the maximum hardness 
and strength obtainable is  seldom used in a part,  because the  separation 

'References are listed on page 37. 
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between the flow (yield) and fracture (ultimate) stresses is  small and, 
hence, the ductility and resistance to brittle failure are low.     Tempering 
serves to increase the toughness and ductility of the   steel,  although 
strength and hardness  are  sacrificed.     Generally,  the higher the temper- 
ing temperature, the greater will be the ductility but the lower will be the 
strength and hardness of a given steel. 

When most medium-carbon steels  are quenched to form martensite 
and then tempered at successively higher temperatures,  the toughness (as 
measured by the notched-bar impact test) increases progressively up to a 
tempering temperature of about 400 F.     Howeve-r,  on tempering at tem- 
peratures in the range of about 400 to 700 F, the toughness decreases, 
passes through a minimum,   and then increases again.     This is illustrated 
in Figure  3 for AISI 4340,  a typical aircraft steel.     The loss in toughness 
of martensitic steels at high hardness levels (relatively low tempering 
temperatures) is known as  "500 F embrittlement" or  "tempered martensite 
brittleness".    It is this-embrittlement that long delayed the use of alloy 
steels for structural applications at strength levels much above  200,000 psi. 

25 

200 400 600 

Tempering Temperature,F 

800 

A-37550 

FIGURE 3.     THE EFFECT OF TEMPERING TEMPERATURE ON THE 
IMPACT STRENGTH OF AISI 4340,  A TYPICAL 
AIRCRAFT STEEL 

When a steel part is cooled very rapidly after it has been austeni- 
tized,  as it is in quenching,   residual  stresses of considerable magnitude 
are introduced,   even in the absence of a transformation reaction.     This 
condition arises because,  during very rapid cooling,  the surface cools 
most rapidly and a large temperature differential exists between the sur- 
face and the center of the part.     In addition,   a volume expansion is 



associated with the formation of martensite.    This expansion introduces 
additional stresses into the part.     These residual stresses arising from 
quenching and from transformation lower the external load that a part can 
carry.     Therefore,  an important function of tempering is to relieve these 
internal stresses.   , 

The magnitude of the residual stresses is reduced by the addition of 
alloying elements which increase the hardenability and make it possible to 
obtain a fully ma^-tensitic structure with a less drastic quench.     The slower 
cooling from the austenitizing temperature (less drastic quench) allows 
some stress relief on cooling.    In turn,  the lower residual stresses allow 
a lower tempering temperature to be used to obtain a tough steel. 

The increase in toughness and the  softening that a steel undergoes on 
tempering result from relief of stresses,  from crystallization,   and from 
coalescence and spheroidization of carbides.     These changes  result in a 
microstructure of increased plasticity.     Most of the elements added to  steel 
will slow up the phenomenon of carbide fornaation and coalescence,  and thus 
retard softening during tempering as is  shown in Table   1.     The carbide- 
forming elements which are dissolved in the steel will,  on tempering at 
appropriate temperatures, form alloy carbides which,  when precipitated in 
the  steel,  produce  some hardening.     This  "secondary hardening" may 
either retard softening on tempering or,  at high tempering temperatures, 
actually cause an increase in hardness. 

Some cf the most widely used modifications of the high-strength 
steels have been the high-silicon alloy steels with silicon contents up to 
Z. 00 per cent.    The addition of silicon to hardenable steels has been shown 
to retard the softening which occurs on tempering. '1J-;)   This is illus- 
trated in Figure 4.    Also, increasing the silicon increases the tensile 
strength, with no attendant loss in ductility.    The minimum, or plateau, 
in impact strength o'f alloy steels,   usually shown in the temperature range 
from a little over 400 to approximately 700 F (500 F embrittlement),  is 
shifted to higher temperatures by additions of silicon. ("*) 

Low-Alloy Hardenable Steels 

The low-alloy hardenable  steels have been used for high-strength 
applications in the aircraft and ground-transportation industries for years. 
An early use of these steels in the aircraft industry was for landing-gear 
components heat treated to tensile   strengths of the order of 180,000 psi. 
Other uses included bolts, pins,  fittings,  and engine mounts, (^J^W   As 
mentioned previously,  these  steels can be subdivided into two groups,  the 
chromium-molybdenum and the chromium-nickel-molybdenum steels. 
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Chromium-Molybdenum Steels 

Steels in this category that are used or that are under consideration 
for use in the missile industry for solid-propellant rocket-motor cases are 
listed in Table 2; chemical compositions are included.     The first steel in 
this list is AISI 4130, which can be considered to be the base  steel from 
which the others evolved.    When working stresses in welded aircraft parts 
reached a point where plain-carbon steels were no longer satisfactory, 
AISI 4130,  a mildly air-hardening steel,  was developed to meet the new 
requirements.    Increased hardenability over that of its plain-carbon 
counterpart is obtained from the chromium and molybdenum additions. 
This steel is characterized by excellent strength-to-weight ratio and 
outstanding weldability,  and has been a most important material in 
aircraft structural assemblies.     In addition,  it has been used for other 
engineering construction involving high stresses,  particularly where ex- 
tensive welding and medium hardenability are  required. 

TABLE 2.   TYPICAL CHROMIUM-MOLYBDENUM HARDENABLE STEELS USED IN SOLID- 
PROPELLANT ROCKET-MOTOR CASES 

 Composition, pet cent  
Designation C Mn Si Ct Mo V Others 

AISI 4130 0.28-0.33 0.40-0.60 0.20-0.35 0.80-1.10 0.15-0.25 
AISI 4140 0.38-0.43 0.75-1.00 0.20-0.35 0.80-1.10 0.15-0,25 
17-22-AS 0.28-0.33 0.45-0.65 0.55-0.75 1.00-1.50 0.40-0.60 0.20-0.30 
UCX-2(a) 0.39 0.70 1.00 1.10 0.25 0.15 l.OOCo 
MBMCNc.l 0.42-0.46 0.70-0.90 1.50-1.70 0.60-0.90 --        w 0.10 Min 
AirsteelX-200 0.41-0.46 0.75-1.00 1.40-1.75 1,90-2.25 0.45-0,60 0,03-0,08 

(a)   This is an experimental steel.   The analysis shown is a typical analysis listed in the Universal Cyclops 
brochure on UCX-2. 

The second steel listed in Table 2,  AISI 4140,  is a steel,which has, 
by virtue of its higher carbon and manganese contents,  higher strength and 
higher hardenability than does AISI 4130.     However,   AISI 4140 is somewhat 
less readily welded because of its higher carbon content.     This steel has 
been used for applications which require heavier  sections, but in which, the 

part can be preheated and postheated if welding is necessary.    It is in- 
cluded in the list of steels to illustrate the transition from the typical lean- 
alloy composition of an AISI 4130 steel to the more highly alloyed,  higher 
carbon steels used in rocket-motor cases. 

Properties developed in AISI 4130 by simple normalizing treatments 
or by normalizing and tempering have been adequate for many past appli- 
cations.     However,  only full heat treatment,  consisting of quenching and 
tempering,  will develop in this   steel the  strengths required for solid- 
propellant rocket applications. 
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The wide use of this material in the aircraft industry and the re- 
sultant familiarity with its characteristics made AISI 4130 steel a natural 
early selection for use in high-strength rocket-motor cases.     The other, 
less familiar, chromium-molybdenum steels listed in Table 2, with the 
exception of 17-22-AS, were evolved later,  specifically for use in the 
rocket and missile industry.     The notable differences between the com- 
position of AISI 4130 and thdse of the special steels are the higher carbon 
and silicon contents in the latter and the addition of vanadium or, in UCX-2, 
both vanadium and cobalt to the modified alloys.     The higher contents of 
carbon, chromium,  and molybdenum increase the strength and the harden- 
ability attainable on quenching,  while the additions of silicon and cobalt 
serve primarily to retard softening on tempering.     Chromium, molybde- 
num,  and vanadium also contribute to resistance to softening on tempering, 
but they are particularly effective at high tempering temperatures where 
the formation of alloy carbides  results in secondary hardening.     Vanadium 
is also effective in maintaining a fine grain size in the  steel.     These are the 
advantages which these special steels offer over AISI 4130.     They are 
shown in Figure 5 which illustrates the strengths obtained and the retarding 
of softening and weakening on tempering observed in the  steels listed in 
Table 2 (with AISI 4140 omitted). 

The addition of silicon to the alloys listed has  another beneficial 
effect during tempering.     The occurrence of brittlenes s on tempering in 
the so-called 500 F embrittlement range is  shifted to a higher temperature. 

Steel  17-22-AS was  developed by Timken for its  resistance to thermal 
cracking,  heat checking,  and shock at high hardness levels.     It also has 
good resistance to hot upsetting under rapidly applied stresses up to  1000 F. 
This  steel relies on a normalizing treatment,   rather than on quenching, to 
achieve high strengths.    As a result,  its creep resistance and rupture  re- 
sistance are greater than those of other low-alloy hardenable  steels and 
are almost as good as those of the hot-work die  steels.     Hot-bolting 
and sheet for jet-engine compressor cases  are typical aircraft uses. 
This  steel had been used for flanges,  fittings,  brake disks,  and hot dies 
prior to its consideration for use in aircraft and rockets. 

Of the other three steels listed in Table  2,  which were developed 
especially for rocket and missile applications,   UCX-2 (cobalt-modified 
4137) was-developed at Mellon Institute as  Composition MX-2(9,12)j   de- 
signed to be used at yield strengths greater than 230,000 psi.     The cobalt 
addition retards tempering action,   as does  silicon.     This  steel is now pro- 
duced by Universal-Cyclops as  UCX-2.    MBMC No. -1  (a silicon-modified 
steel) was proposed as a missile  steel by the Missile Boosters Materials 
Committee(lO).    it was presented as being a suitable  sheet material for use 
at yield-strength levels in excess of 200,000 psi,    Airsteel X-200 also is a 
silicon-modified steel, but with increased chromiumU !).     This combination 
helps  retard softening on tempering more than does  silicon alone.     The im- 
proved resistance to softening on tempering is illustrated by comparing the 
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350 

300     400      500      600      700     800      900      lOOO    1100       1200     1300 

Tempering Temperature, F A-3TSS2 

FIGURE 5.    EFFECTS OF VARIOUS TEMPERING TEMPERATURES ON THE 
PROPERTIES OF AISI 4130 AND FOUR MODIFICATIONS OF 
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curves in Figure 5 for MBMC No.   1 (0. 60-0. 90 chromium,   1.50-1.70 
silicon) and Airsteel X-200 (1. 90-2. 25 chromium,   1.40-1.75 silicon). 
Airsteel X-200 is air hardening in thin sections.    It was developed for the 
rocket and missile industry by the United States Steel Corporation. 

The retarding of softening cm tempering in these modifications of 
AISI allows higher tempering temperatures to be used and, thereby, 
greater relief of residual stresses is obtained.     Typical heat treatments 
for these steels are described later. 

Chromium-Nickel-Molybdenum Steels 

The first steel developed in this group was AISI 4340.    It was de- 
signed for applications requiring higher strength or where heavier sections 
are to be hardened throughout than would be feasible with AISI 4130.     The 
increased strength of this  steel arises largely from increased carbon con- 
tent,  while increased hardenability stems from increases in manganese 
and molybdenum and from the addition of nickel.     This  steel,   too,  has been 
used for many years in the aircraft industry in landing gears  and other 
critical parts.     At present, it is being used for parts heat treated to tensile 
strengths up to 280,000 psi(13^ 14).    Because of its widespread use and 
industry's familiarity with this  steel,  it has become the standard high- 
strength steel.     The properties of AISI 4340 are used as a standard of com- 
parison for other low-alloy hardenable steels during their development or 
as a criterion for materials selection. 

The chemical composition of AISI 4340 and modifications of this 
analysis now in us'e or under consideration for use in solid-propellant 
rocket-motor cases are listed in Table 3. 

Of the steels in this group,  AMS 6434(15) has been used more widely 
than any other for fabrication of solid-propellant rocket-motor cases.    This 
steel is AISI 4340 with lower carbon for better weldability,  with the molyb- 
denum increased to compensate for the loss in hardenability caused by the 
lower carbon content,  and with vanadium added as a grain refiner.     It is 
used at heat-treated yield-strength levels of 185,000 to 210,000 psi.     Re- 
sistance to crack-propagation drops noticeably at higher strength levels. 

D-b-AC^o) is a consumable-electrode-melted material of the  same 
composition as  Ladish D-6-A,  an air-melted steel which has been used for 
twenty years in low-alloy die blocks.     The vacuum-melted material was 
evolved to meet the higher quality standards of rocket and missile applica- 
tions.     D-6-AC is noted for its cleanliness, uniform response to heat 
treatment,  and'excellent transverse ductility.     Normally,  it is used in the 
Z00,000-psi yield-strength range with a hardness of 46 to 47  Rockwell C 
and an elongation of about  10 per cent. 
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The other three steels in this group were developed specifically for 
the aircraft industry for parts which require a combination of high strength 
and toughness,  such as landing gears.    All three have been in existence for 
a number of years.    HY-Tuf was patented in 1948, while USS Strux and 
300-M were introduced in 1952 and 1953, respectively. 

The mechanical properties obtained on tempering these  steels at 
various temperatures are illustrated in Figure 6.    Comparison of the 
curves in Figure 6 and the compositions in Table 3 shows that unless the 
alloy content is increased considerably,  AISI 4340 and minor modifications 
of this steel,   such as AMS 6434 or D-6-AC, must be tempered below about 
750 F to achieve yield strengths much over 200,000 psi.    However, tem- 
pering in the range from a little above 400 F to approximately 7 00 F is not 
practicable for AISI 4340 because of "500 F embrittlement". 

The last steel in Table 3,  USS StruxU7), is a high-carbon modifica- 
tion which was designed to utilize the hardenability effects of boron.     The 
addition of small amounts of boron allows heavy sections to be hardened 
throughout on quenching.     The higher carbon content increases the strength 
of this steel beyond that of AISI 4340,  and the increased chromium, molyb- 
denum, and vanadium contents allow tempering in the 500 F range.     For 
optimum notch toughness at ultrahigh strength levels,  this steel should not 
be tempered above 600 F. 

Lowering the tempering temperature of AISI 4340 steel to about 400 F 
avoids the 500 F embrittlement range.     However, to secure tensile 
strengths between 200,000 and 270,000 psi with AISI 4340 requires tem- 
pering between 500 and 280 F.     Therefore, .since the upper part of this 
tempering range is undesirable, new compositions for use in the inter- 
mediate strength range had to be designed which could be safely tempered 
in this danger  zone. 

AMS 6434 was developed from AISI 4340 by lowering the carbon con- 
tent,  increasing the molybdenum,   and adding a small percentage of vana- 
dium.    As a result of these modifications, this steel shows better Charpy 
impact values than does AISI 4340, both at 230,000- and at 250,000-psi 
tensile strength.     The  same  result is accomplished in Ladish D-6-A by 
increasing the manganese and molybdenum and adding a small amount of 
vanadium. 

The first tailored ultrahigh-strength steel,   HY-Tuf(18),  took advan- 
tage of the unusual characteristics imparted by silicon to quenched-and- 
tempered steels.    As  shown previously,  increasing the  silicon tends to 
retard softening on tempering,  especially at tempering temperatures above 
400 F (see Figure 4).     Thus,  a steel containing 1. 5 to 2. 0 per cent silicon 
can be tempered at around 600 F to provide hardness and strength equiva- 
lent to that of a similar steel of normal silicon content tempered at a much 
lower temperature.     The higher tempering temperature allows more com- 
plete  relief of residual quenching stresses with resultant improvement in 
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yield strength and ductility.     Also,   silicon shifts the so-called 500 F em- 
brittlementj or tempered martensite brittleness,  to higher tempering tem- 
peratures.    As a result,  comparatively good notch toughness is obtained in 
high-silicon steels tempered in the range from 400 to 600 F.     Both 300-M 
andHY-Tuf take advantage of these unique properties imparted by silicon. 

Not only was SOO-M^1^20) tailored specifically to avoid 500 F em- 
brittlement and to take advantage of the resistance to tempering provided 
by its high silicon content, but the increased carbon content results in 
higher ultimate  strengths.     The effectiveness of silicon in overcoming the 
limitations on tempering in the range from just above 400 F to about 700 F 
is illustrated in Figure 7.     This figure compares the V-notch Charpy im- 
pact strengths of AISI 4340 (0. 20-0. 35 silicon) and 300-M (1. 45-1. 80 
silicon). 

400 600 

Tempering Temperature, F 
800 

A-37554 

FIGURE 7.     EFFECT OF TEMPERING TEMPERATURE ON THE 
IMPACT STRENGTH OF AISI 4340 AND 3(Jo-M 
(TRICENT)(14) 
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5Cr-Mo-V Steels 

The SCr-Mo-V steels have been used for many years for tools re- 
quiring high strength and toughness at elevated temperatures.    For about 
25 years,  a group of proprietary steels has been used in dies and fixtures 
that commonly experience temperatures near 1000 F.     These steels are 
known as "hot-work tool steels",  "hot-work die steels", or sometimes just 
"die steels".    Consideration of these steels for missile requirements is 
based to a large extent on their comparatively high strength and high re- 
sistance to softening at service temperatures from room temperature to 
around 1000 F.    Also, they have creep and stres s-rupture values compar- 
able to those of superalloys at 1000 F.    Up to 1200 F,   some of these steels 
have the highest strength-to-weight ratio of any commercial structural 
metal, because they can be heat treated to tensile  strengths of from 260,000 
to 300,000 psi at high tempering temperatures. (2 !)    Another feature of 
these steels is greater stress relief,  accomplished by tempering at rela- 
tively high temperatures,  as compared with the low-alloy engineering steels. 
This is especially important in welded components,   such as  rocket-motor 
cases. 

Because most of these  steels were proprietary in a highly competitive 
field, no industrywide  standards as to compositional or property limits 
were established.    With the current interest in these steels, measures 
have been taken to standardize on an aircraft-quality H-ll type steel. (22) 
This  steel has the designation "5Cr-Mo-V aircraft steel".     The'composi- 
tional limits of this  steel are shown in Table 4,  along with the compositions 
of standard H-ll and H-13 hot-work die steels and some of the proprietary- 
steels considered for use in rocket-motor cases.     As  shown in Table 4, 
these steels contain relatively large amounts of alloying elements as com- 
pared with the low-alloy engineering steels.     The high alloy content of these 
steels increases the hardenability so that fairly heavy sections can be hard- 
ened throughout by air cooling.     This avoids  some of the distortion inherent 
to quenching.     The carbon content of 0. 35 to 0. 50 per cent is high enough to 
obtain high strength on quenching,  but is not too high for adequate weld- 
ability.     The  1 per cent silicon retards  softening on tempering and increases 
strength and toughness.     Chromium and molybdenum also help retard soften- 
ing on tempering,  as is shown in Figures 8 and 9.     Vanadium,   a strong car- 
bide former,  contributes  strongly to the  retardation of softening on temper- 
ing,   if the carbide particles are dissolved on austenitizing.     The increase in 
hardness and strength shown at the higher tempering temperatures is typi- 
cal of the  secondary hardening caused by these carbide-forming elements. 

The  superior ductility and toughness of these relatively high-alloy 
steels are a result of their heat treatment which produces a stable  stress- 
free  structure while avoiding most of the undesirable features of other 
high-strength steels.     The extremely high hardenability allows these steels 
to be fully hardened by air cooling from, austenitizing temperature. 
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TABLE 4.   TYPICAL 5Cr-Mo-V STEELS CONSIDERED FOR USE IN ROCKET-MOTOR CASES 

Composition, per cent 

Designation C 

. 0.37-0.43 

Mn Si Cr Mo V 

5Cr-Mo-V 0.20-0.40 0.80-1.20 4.75-5.25 1.20-1.40 0.4-0.6 

aircraft steel 

H-ll 0.30-0.40 0.20-0.40 0.80-1.20 4.75-5.50 1.25-1.75 0.30-0.50 

H-13 0.30-0.40 0.20-0.40 0.80-1.20 4.75-5.50 1,25-1.75 0.80-1.20 

Vascojet 1000 0.40 0.30 0.90 5.00 1.30 0.50 

Crucible 56 0.38-0.44 0.40-0.70 0.80-1.20 3.00-3.60 2.00-2.75 0.25-0.50 

Crucible 218 0.40 0.40 1.05 5.00 1.35 0.50 

Potomac A 0.40 0.30 0.90 5.00 1.30 0.50 

Potomac M 0.40 0.30 1.00 5.00 1.00 1.00 

Dynaflex 0.40 0.30 0.90 5.00 1.30 0.50 

Unimach I 0.35 0.45 1.00 5.00 1.40 0.45 

(Thermold A) 
• 

Unimach 11^ 0.50     • 0.40 1.10 5.00 1.40 1.00 

(Thermold J) 
.......         «..- 

(a)   Plus 1. 50 per cent nickel. 
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Because of this slow cooling, the residual stresses that would result from 
quenching are avoided. 

The tempering characteristics of this steel (shown in Figures 10 

and 11) offer particular advantages.    A secondary hardening peak and mini- 
mum impact strength occur at about 900 to 950 F,  as is shown in Figure  11. 
Therefore, tempering is conducted at still higher temperatures to obtain 
the best combination of strength and toughness.    This high,   stress-relief, 
temper greatly reduces all residual stresses.    Any temperature above the 
secondary-hardness peak can be used to obtain desirable properties, and 
multiple tempering transforms all the retained austenite so that refrigera- 
tion treatments are not necessary.    Another advantage of these steels is 
that they do not exhibit a "blue-brittle" tempering range such as shown 
around 500 to 600 F for the lower alloy steels. 

Typical heat treatments for some of the steels in this class will be 
shown later in the section of this report on heat treatment. 

DISCUSSION OF FACTORS IN THE USE OF HARDENAHJLE 
STEELS FOR SOLID-PROPELLANT ROCKET-MOTOR CASES 

Although the steels used or proposed for use in solid-propellant 
rocket-motor cases do not behave exactly alike, they share important 
characteristics.     Because they have many attributes in common,  they can 
be fabricated and treated by similar methods.    However, the details of the 
methods vary and are dependent on the special features of each steel. 
Some of these matters are discussed in the following sections. 

Fabrication and Welding 

Many rocket-motor cases are formed by the  roll-and-weld tech- 
nique.^)   Sheet steel is rolled into a cylinder,  and the longitudinal seam 
is welded.     The cylindrical sections then are joined to each other and to 
heads by welding a girth,  or circumferential,   seam.     The heads are formed 
prior to welding, by machining,   spinning,   deep drawing,  or by any of a 
number of other methods.     Such fabrication methods require that materials 
for rocket-motor cases must be formable,  machinable,  and weldable. 

The low-alloy hardenable  steels can be shaped by a wide variety of 
methods,  including machining,   spinning,  deep drawing,  explosive forming, 
stretch forming,  forging,   and extruding. (25,26)    They are formed hot or 
cold,  depending on the forming process.     In most cases,  they are shaped 
in the soft, or annealed,  condition and hardened afterward.     In spinning or 
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drawing large components,   such as heads for rocket cases, from sheet 
stock, the material frequently is given a special annealing treatment before 
being shaped.     The object is to create the most favorable type of micro- 
structure in the steel for the forming operation. 

When material has been severely cold worked, or when components 
of substantial size or complexity of shape have been welded, cracking may 
occur during subsequent processing, handling, or storage.     The driving 
force behind the cracking is a high level of internal tensile stress built up 
in the metal by the operations.    This stress level can be reduced to safe 
limits by a stress-relieving thermal treatment which is carried out at low 
to intermediate temperatures, depending on the steel, the way the com- 
ponent was made, and the point in the manufacturing schedule where the 
stress-relief takes place.    Stress-relieving temperatures for low-alloy 
hardenable steels range from 600 to 1200 F, the time at temperature 
usually being  1 to 2 hours. 

The chromium hot-work die  steels can be formed,  drawn,   and spun 
with little more difficulty than the more familiar low-alloy hardenable 
steels. (25,26)   Properly annealed material and correctly spaced inter- 
stage annealing are very important with these  steels.    When chromium 
hot-work die steels are very heavily cold worked,  as in severe deep- 
drawing operations,  it is advisable to stress relieve immediately to avoid 
shattering on rough handling.     Temperatures of the order of 7 50 to 925 F 
are frequently used for this operation.    Stress relieving should be done 
soon after grinding,  as well as prior to such operations as thread rolling, 
shot peening,  and plating.     The process, or interstage,  anneal may be 
carried out at  1450 F followed by air cooling.    An illustrative full-annealing 
schedule comprises preheating to 1200 F,   raising the temperature to 
1650 F,   and furnace cooling to 850 F followed by air cooling to room 
temperature. 

The parts should be thoroughly cleaned and free from rust,   scale, 
or oil bSfore heat treatment.    Cleaning and descaling are preferably done 
by mechanical means,   such as sand,  grit,  or vapor blasting.     Scale also 
may be removed by anodic pickling.     If the latter procedure is used, the 
current should be on prior to and all during the immersion of the work in 
the electrolyte.    Acid pickling and cathodic pickling invite embrittlement 
from absorption of hydrogen,  and should be avoided. 

The two welding processes that are used more widely than any others 
for solid-propellant rocket-motor case fabrication are the inert-gas 
tungsten-arc process and the submerged-arc process.     The submerged- 
arc process has the following limitations as compared with the inert-gas 
tungsten-arc process:    (1) chemical composition is more difficult to con- 
trol;  (2) the minimum plate thickness that can be welded with reasonable 
success is about 1/8 inch; and (3) the lack of visibility of the  submerged- 
arc process makes it mandatory that weld-seal tracking be good. (**)   The 
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submerged-arc process does achieve higher production rates.    Filler wire 
of the same composition as the base metal is commonly used in either weld- 
ing process.    Joints must be preheated and postheated carefully to prevent 
cracking,  and frequently they are not permitted to cool until after stress 
relief so as to reduce weld-metal cracking under high restraint.    Filler 
wire of low sulfur and phosphorus contents is recommended. 

Preheat and postheat are used for two reasons — to help reduce or 
prevent weld-metal cracking and to produce an as-deposited weld-metal 
micro structure of maximum ductility for ease of handling.    Most rocket- 
motor-case welding fixtures are fitted with heaters to provide the preheat 
and postheat.    For this reason, the postheat is usually the same tempera- 
ture as the preheat.     There is wide disagreement over the optimum preheat 
and postheat temperatures for welding the various steels used for cases. 
In general, the lowest preheat and postheat temperatures that can be used 
satisfactorily to produce a structure of maximum ductility are employed. 

The successful fabrication of rocket-motor cases is an exacting op- 
eration.     Techniques commonly used to produce plain-carbon steel pres- 
sure vessels are not satisfactory for rocket fabrication.    Overlooking a 
seemingly minor detail can result in failure during hydrostatic testing, as 
past experience has shown. 

Heat Treating 

The principal reason for using high-strength steels is to minimize 
the weight of a rocket-motor case.    It is for this reason that the cases are 
heat treated to high-strength levels.    However, if the surface of the steel 
has been decarburized,  the entire cross section will not be at full strength; 
the surface layer will be weakened.    Although decarburization generally is 
considered detrimental,   some fabricators advocate a small, controlled 
amount of surface decarburization to reduce sensitivity to surface flaws. 
The production of a small, controlled amount of decarburization in a com- 
ponent, however, is a difficult matter. 

Decarburization may be produced during hot rolling in the mill or 
during heat treatment after fabrication.    Mill decarburization either can 
be removed by grinding or chemical milling Or it can be prevented by 
sandwich rolling.    Sandwich rolling has the additional advantage of reducing 
the  sheet-thickness tolerances required by steel mills. 

Decarburization and scaling,  as well as carburization, may be en- 
countered during hardening,  annealing,  and normalizing heat treatments. 
Any of these effects is usually undesirable,  particularly when the heat- 
treated component is not given any further machining or finishing.     Con- 
trolled furnace atmospheres, molten neutral salt baths,  and protective 
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coatings (usually proprietary compounds) are used to prevent or minimize 
these problems. 

Two commonly used protective atmospheres are those referred to as 
"endothermic" and "exothermic".    Following is an example of an endo- 
thermic atmosphere produced by burning a Z. Z5:l air:fuel gas mixture in 
the presence of a catalyst and an illustrative exothermic atmosphere that 
results from burning a 9.5:1 air:fuel gas mixture: 

Atmosphere 

Endothermic 
Exothermic 

Com position , per cent Dew Point, 
CO Hz 

38.0 
Z.O 

CH4 

1. 5 

Nz 

41. 5 
96. 0 

F 

19. 0 
Z. 0 

-10 
-40 

External heat must be applied in burning an endothermic mixture,  while 
none is needed for an exothermic atmosphere. 

The capability of such atmospheres to carburize or to decarburize is 
strongly influenced by the presence of small amounts of water vapor. 
Therefore, control of the dew point of the furnace atmosphere affords a 
convenient means of regulating the degree of neutrality of the atmosphere 
toward the work.     As a check on this,  it is common to include a separate 
decarburization sample in each load being heat treated.     The composition 
of the atmosphere and the steel,  as well as the heat-treating temperature, 
determines the dew point at which neutrality prevails. 

Neutral  salt baths are usually molten mixtures of chlorides or of 
chlorides and carbonates to which a "rectifier" such as methane,  graphite, 
or ferrosilicon is added to keep the bath neutral toward the work. 

Illustrative heat treatments for  some of the low-alloy hardenable 
steels and some of the hot-work die  steels are listed in Table 5. (5,27) 
The heat-treating practices used by the different missile manufacturers 
vary considerably.     Such dissimilarities  seem to stem largely from in- 
dividual needs.     Therefore,   the information in Table  5 is only of a general 
nature and cannot be considered as a list of heat-treating rules.     Although 
the austenitizing temperatures listed in Table 5 cannot be considered exact, 
they do illustrate a general principle,  namely,  as the amount of carbide- 
forming alloying elements is increased, it is necessary to increase the 
austenitizing temperature to dissolve the carbides formed.    If the alloy 
carbides are not dissolved,  the  alloying elements will not fulfill their in- 
tended functions properly,  and the results of the heat treatment will be 
different from what was anticipated.     In particular,  the hardenability and 
secondary hardening effects will be impaired.     Also,  if too much carbon 
remains undissolved in the austenite,  it may not be possible to achieve the 
desired strength,  because the carbon content of the martensite will be 
lower than was intended. 
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Multiple tempering is a common practice for rocket and missile 
steels.     The second or third tempering treatment provides additional 
stress relief and tempers any martensite that may have formed from re- 
tained austenite during the first temper.     All alloy steels contain some 
retained au'stenite after quenching. 

Although the low-alloy hardenable steels possess sufficient over-all 
hardenability so that sheet material will be fully hardened on air cooling, 
they are usually quenched.    The requirements for uniformity in rocket- 
motor cases are so exacting that any small localized variation in harden- 
ability due to heterogeneity of the steel which might result in anything other 
than a fully hardened structure on air cooling could not be tolerated.     The 
distortion resulting from quenching stresses can be minimized by a stress- 
relieving treatment prior to hardening and by quenching into molten salt or 
hot oil if the steel possesses sufficient hardenability.     The hot-work die 
steels have sufficient excess hardenability due to their high content of alloy- 
ing elements that air hardening is feasible for sheet material.    Any hetero- 
geneities due to ordinary steelmaking practices would not be sufficient to 
result in any transformation products other than martensite. 

Some of the missiles have become  so large and the dimensional 
tolerances so exacting that small distortions resulting from welding and 
heat treatment cannot be tolerated.    Therefore, the parts usually are 
welded and heat treated in the same jigs.     Another problem presented by 
the size of missile components is the need for special heat-treating equip- 
ment that can be closely controlled in spite of the large  size.     Large 
bottom-opening,  gantry furnaces,  which heat treat the parts in a vertical 
position to help prevent distortion, have been developed to fulfill this 
need. (28) 

Short-Time Elevated-Temperature Properties 

Missile development is placing ever-increasing temperature demands 
on structural steels.     Service temperatures ranging from 8C0 to  1000 F 
appear probable. (21)   Flat-rolled materials for birframe and missile  ap- 
plications should have moderate corrosion resistance and short-time, 
elevated-temperature mechanical properties approximating the values 
given below:'22) 

Service Minimum Tensile 
Temperature Strength,  psi 

Room 260,000 
800 F 200,000 
1000 F 170,000 
1100 or  1200 F 120,000 
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The short-time elevated-temperature properties of low-alloy harden- 
able steels and hot-work die steels are compared in Figure 12. This figure 
shows the superiority of the hot-work die steels for such use. The possible 
disadvantage to the use of hot-work die steels is that, like the low-alloy 
hardenable steels, they have poor corrosion resistance. Some experiments 
have been conducted with hot-work die steels clad with stainless steel which 
show that the clad steel meets the tensile-strength requirements for service 
at 1000 F.    However, the elongation values of the clad sheet were low. 

A comparison of the properties of hot-work die steels with stainless 
steel for short-time, high-temperature service up to 1000 F indicates that 
the hot-work die steels achieve a higher level of tensile and yield strength 
over the entire temperature range and have the same elongation values as 
do the stainless steels.    Among the various classes of steels considered for 
this service, the hot-work die steels offer highest tensile strengths and 
strength-to-weight ratios up to  1000 F, based on short-time tensile tests. 
Though most parts would require coatings or cladding for corrosion pro- 
tection, the hot-work die  steels of the H-U type  should find high- 
temperature application for aircraft and missiles. 

Notch Sensitivity 

Perhaps one of the most important considerations in rocket-motor 
material evaluation is notch sensitivity.    High-strength steels heat treated 
to their highest strengths will have low tolerance for even very small 
flaws. (29)   On the other hand,   a steel heat treated to a lower tensile 
strength (a more ductile condition) will be more tolerant to flaws,   and the 
material will be stronger in the presence of notches or flaws.     This gen- 
eral trend is  shown schematically in Figure  13,  in which the tensile 
strength of notched specimens with different stress-concentration factors, 
K,  (or different degrees of notch acuity) is  shown as a function of strength 
level (determined for unnotched specimens).     The introduction of a notch 
into a tensile  specimen develops multiaxial tensile stresses which may re- 
sult in an apparent strength increase,  if the strength of.the unnotched 
specimen is relatively low.     This is depicted in the lower left region of 
Figure   13,  where the notched strength exceeds the unnotched strength. 
For a low strength level,   SI, no notch sensitivity is displayed for any value 
of K.     At a somewhat higher level of strength,  S2,  the material is notch 
sensitive when the  stress-concentration factor is high,  but not when it is low. 
When the  strength level equals S3,  notch sensitivity is manifested even for 
relatively low   stre ss-concentration factor s. 

Conventional tensile tests of high-strength steels do not provide  suf- 
ficient information to predict performance of complex structures fabricated 
from such materials.     The best test to simulate the actual conditions in the 
solid-propellant rocket-motor case is a rocket motor.     No exact method is 
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400 600 

Test Temperature,F A-37559 

FIGURE 12.    TYPICAL MAXIMUM SHORT-TIME, ELEVATED- 
TEMPERATURE PROPERTIES OF LOW-ALLOY 
STEELS AND HOT-WORK DIE STEELS(25) 
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known to duplicate these service conditions.    However,   approximations to 
the behavior of materials in motor-case applications can be arrived at in 
the laboratory under less complex conditions. (30* 31)   Flaws,  stress con- 
centrations, cracks, and service stresses are not constant from one 
rocket-motor case to the fiext.    Consequently,  approximations to behavior 
are all that can be expected from any laboratory test. 

•    Tests applied to materials frequently are divided into two categories: 
(1) tests to determine useful strength values and design criteria,  and 
(2) screening tests to evaluate materials.    Screening tests, or tests for 
evaluation of materials, generally are simpler than tests to establish de- 
sign allowables.    An example of a screening test for materials for rocket- 
motor-case applications is a tensile test using a specimen containing a 
sharp, controlled notch.    This test differentiates between materials of dif- 
fering notch sensitivity, but does not yield values directly applicable to 
design.    The more promising materials and treatments shown by screening 
tests may then be subjected to more complex methods of evaluation. 

No one screening test has been universally accepted.    Each proponent 
of a particular test has certain specific reasons for preferring that test 
over others.    Other screening tests in addition to the sharp-notch tensile 
test, or the center-crack tensile test,  are:   unnotched-bend,  bulge, tear, 
and notched-impact tests.    Details of most of the tests,  including specimen 
preparation and typical results, may be found in Reference (32). 

Hydrogen Embrittlement 

The low-alloy hardenable steels and the 5Cr-Mo-V (hot-work die 
steels) all are susceptible to hydrogen embrittlement.     Therefore,  any 
operation which invites hydrogen pickup,  such as acid pickling, cathodic 
pickling,  or electroplating,   should be avoided if possible. 

Recently,  a few failures of rocket cases during hydrostatic testing 
have been attributed to hydrogen-induced delayed failure,  resulting from 
hydrogen pickup during the tests. (33)   Small pits acting as anodes could 
cause hydrogen to be released from the testing liquid,   and it could diffuse 
into the  steel in areas of high current density (cathodic  areas) near the 
pits.     Thus,  though the general level of hydrogen might be low,  the level 
in the vicinity of the pit might be high.     Under stress and in the presence 
of a stress concentration (such as a pit or notch),  the hydrogen would 
diffuse to the point of maximum triaxiality. (34)    For sharp notches,  the 
point of maximum triaxiality lies close to the surface near the root of the 
notch, while for rounded notches it lies at some distance below the surface. 
The combination of hydrogen release by galvanic action and the stress- 
concentration effect of the pit could result in the initiation of a very small 
crack.    With continued testing,  the crack could grow until it reached suf- 
ficient length to cause catastrophic failure. 



34 

Thus, the hydrogen-induced failure of rocket-motor cases should be 
considered as a possibility in analyzing failures which occur during hydro- 
static testing. 

Ausforming as a Method of Increasing Strength 

Ausforming is a possible method for increasing the strength of 
ultrahigh-strength steels.    In the laboratory, this process has produced 
steels with yield strengths of the order of 400,000 psi.     The process con- 
sists of heating the steel to austenitize it, then plastically deforming the 
steel at a temperature at which the austenite is metastable,  and then allow- 
ing the steel to cool.     This operation is followed by tempering.    Ausforming 
of sheet material is still in the development stage.    Austenrolling and 
interrupted-quench mechanical working are other names for this process. 
So far, the results of various investigations have not been entirely con- 
sistent,  nor has there been evidence that the process is sufficiently re- 
producible to be used on a production basis. 

The following observations have been made in the brief period that 
ausforming has been under systematic investigation. (^5)   strength levels 
are generally a function of the percentage of deformation, the temperature 
of deformation,  and the degree of subsequent tempering.     A critical degree 
of deformation is required before any significant increase in strength is 
obtained; after this level is reached,   strengths increase uniformly with in- 
creasing amounts of deformation.     With high degrees of deformation,  the 
yield and ultimate strengths become approximately equal. 

The temperature of deformation is critical because neither recrystal- 
lization nor transformation should take place during the deformation proc- 
ess; if either occurs,  the  strength of the  resulting material will be low.     To 
prevent the temperature of the piece from being raised to the  recrystalliza- 
tion temperature,  it is necessary to avoid high rates of deformation and to 
control the temperature of the piece accurately before and during the  reduc- 
tion.    Some investigators have observed recrystallization to occur with 
little or no increase in temperature after reduction has exceeded 50 per 
cent.     Deformation at  1000 F increases both the yield strength and the 
tensile  strength,  whereas deformation at 1550 F increases the yield 
strength but has little effect on the tensile strength. 

In general, the greatest strengths of ausformed steels have been 
achieved with high carbon contents and maximum deformations.     A steel 
that contained 0. 63 per cent carbon and which was deformed 90 per cent 
had an ultimate  strength of "over 465,000 psi,  with 8 per cent uniform 
elongation,  in the untempered state. 

The basic mechanism responsible for these ultrahigh strengths is 
not known,  nor is it known what transformation products form when the 
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deformed austenite transforms on cooling.    If current investigations into 
the ausforming process disclose the mechanism involved and make it pos- 
sible to reproduce, on a production basis,  strengths frequently achieved 
in the laboratory, this process may beconne quite useful. 

Vacuum Melting 

Vacuum melting has produced marked improvements in the cleanli- 
ness of steel,  and this in turn has resulted in improvements in the trans- 
verse properties, particularly the endurance limit and ductility of the steel. 
In many instances the properties in the transverse direction approach those 
in the longitudinal direction.     The ultimate and yield strengths of steel are 
not improved by vacuum melting.    Although vacuum melting adds signifi- 
cantly to the cost, many missile manufacturers believe that the benefits 
justify consideration of vacuum-melted steels for missile application. 
Table 6 contains a summary of the benefits to be expected. 

As shown in Table 6, the two large-scale vacuum-melting methods 
are vacuum-induction melting and consumable-electrode-arc remelting. 
Duplexing the two methods, vacuum-induction melting followed by 
consumable-electrode remelting,  showed the greatest improvement in 
properties. 

Another vacuum process for improving the quality of steel involves 
pouring the molten metal through a vacuum.    Although vacuum pouring 
does not result in the high degree of refinement obtained with vacuum 
melting, it does remove large quantities of gaseous impurities from the 
metal,   and the hydrogen content of steels can be  reduced significantly by 
this method. 

There are  several variations of vacuum pouring or degassing. 
Molten metal can be poured from one ladle through a vacuum into another 
ladle or directly into the mold.     Another method of degassing is to place 
the entire ladle of molten metal in a vacuum chamber and then to cast in 
the vacuum after allowing a period of time for degassing. 

All the types of steel discussed in this report have been produced 
experimentally,  or are now being produced commercially,  by vacuum 
melting. 



36 

Q 

Q 
H 

3 
a y < 
> 
Q 

Q 

Da 

O 

U 

2 
H 
U 

X u 

H 

o 

0) 

O 

u 

o 
2 

> 

rt    oj P   S   s 
C  -  I t^   «s   ^ 

2 

0) 
H 

e 
o 
2 

a 
o 

'S s 
I 2 
Q, O 

> 

X  O 
CO 

Z 
■*    CO 

O   Z 

U 

o 

.5 .a 

H   B 

OH   O 

9) > 

"a  Q   ä | « 1 
2s" 
c  co   a, 

c o 
a) 

o o o ^( o 
■rj CO o .-( to 

i 7 
T-l CD CO Y. r-i CJ 

X o Z s O H 

■a 

8 00 

M 

> 

CO 3 o 
0 Ö 

B lO Q 

o 

s 

o 

Q 

a o u 
tu 

S 4-J i (Ü 

■3 u 
3 a) o I <u 

B 
3 

b • 

B 
3 
3 

i 

s 
3 

'S 
B 

2 
u 5 

> 
B 

■2 1 
^  S 

3 
=1 o 

o u S 
tu 

.2 ^3 
nj o > > 0 



37 

REFERENCES 

(1) Bain, E.   C. ,  The Alloying Elements in Steel, Am.   Soc.   Metals, 
Cleveland, Ohio (1939), pp 36,  239,  244, and 253. 

(2) Metals Handbook,   1948 Edition,   Am.   Soc.  Metals,  Cleveland, Ohio, 
p 457. 

(3) Allten, A.   G. , and Payson,  P. ,   "The Effect of Silicon on the  Temper- 
ing of Martensite",  Trans.   Am.   Soc.   Metals,  45, 498 (1953). 

(4) Shih, C.   H. , Averbach,  B.   L. ,  and Cohen,  M. ,  "Some Effects of 
Silicon on the Mechanical Properties of High Strength Steels",  Trans. 
Am.  Soc.   Metals, 48,  86-114 (1956). 

(5) Fiorentino,   R.   J. ,   Roach,  D.   B. ,  and Hall,  A.   M. ,   "Heat Treatment 
of Steels for Airframe Applications",   Defense Metals Information 
Center,   Battelle Memorial Institute, DMIC Report 119 (November 27, 

1959). 

(6) Randall,  M.   D. , Monroe,  R.   E. ,  and Rieppel,   P.   J. ,   "Welded Fabri- 
cation of Steel Solid-Propellant Rocket-Motor Cases",   Defense Metals 
Information Center,   Battelle Memorial Institute,  DMIC Memorandum 
56 (May 31,  I960). 

(7) Nekervis,  R.   J. ,   Lund,   C.   H. ,   and Hall,  A.   M. ,   "Status of High- 
Strength Steels for the Aircraft Industry", Titanium Metallurgical Labo- 
ratory, Battelle Memorial Institute, TML Report 91 (January 3,   1958). 

(8) "AISI4130",  Alloy Digest,   Engineering Alloy Digest,  Inc.   (November, 
1954). 

(9) Tellefsen,  E.   A. ,  and Jacobs,  S.   M. ,   "The  Evaluation of MX-2 Alloy 
Steel",  Technical Memorandum No.   125 (SRP),  Aero jet-General Corp. 
(October 28,   1959). 

(10) Folk, R. F. , and Schiffel, J. W. , "Investigation and Evaluation of 
MBMC #1 Steel", Project Report SPDIR-22, Contract NOrd 15719, 
Ingersoll Kalamazoo Division (April 22,   I960). 

(11) "U.S.S.   Air Steel X-200,   An Air Hardening Steel for Solid Propellant 
Missile Motor Cases",   United States Steel,   2nd Revision (June,   1959). 

(12) Bhat,  G.   K. ,   "MX-2 Ultrahigh-Strength Steel for High Performance 
Solid-Propellant Missile Motor  Case Application",  Mellon Institute, 
Pittsburgh,  Penn. ,   Technical Brochure for U. S. N. ,   Bureau of 
Weapons,  Prime  Contract NOrd  18169. 



38 

(13) Melcon,  M.   A. ,   "Ultrahigh Strength Steel for Aircraft Structures", 
Product Engineering, p  129 (October,   1953). 

(14) Sands,  J.   W. ,   and Miller,  O.   O. ,   "Ultrahigh Strength Steels Present 
and Future",  Materials and Methods,   43 (3),  94 (March,   1956). 

(15) March,  J.   I.. ,   "AMS 6434 (Modified) Steel Sheet Material Character- 
istics  and Heat Treatment",  American Car and Foundry Division, 
ACF Industries,  Inc. ,  Major Report 458 (June  18,   1959). 

(16) Leghorn,  G.   R. ,  and Bartsch,  L.   H. ,   "Uniaxial Evaluation of Weld 
Mismatch on Ladish D-6-AC at Various Strength Levels and Effect of 
Shot-Peening on Weld Mismatch at a High Strength Level",  Aerojet- 
General Corporation,  Solid Rocket Plant,  Report  No.   SRP188 (Special) 
(December,   1959). 

(17) "U. S. S.   Strux,  An Alloy for Forged or Machined Aircraft and Missile 
Parts",   United States Steel Corp. ,   Pittsburgh,  Pa.   (September,   1958). 

(18) Payson,   P. ,  and Nehrenberg,  A.   E. ,   "New Steel Features High 
Strength and High Toughness",   The Iron Age, p 64 (October 21,   1948), 
and p 74 (October 28,   1948). 

(19) "300M Ultrahigh Strength Steel",  Bulletin of the International Nickel 
Co. ,  Inc. ,  New York,   1959. 

(20) Chang,   J.   C. ,   Herr,   F.   J. ,   and Sweet,  J.   W. ,   "Modified 4340 Heat 
Treated to 270,000 to 300,000 Ultimate",  Metal Progress,  7_8 (5), 
104 (November,   I960),   and Metal Progress,   78 (6),   101   (December, 
I960). — 

(21) Loria,   E.   A. ,   "Relationship of Steel Properties to  Target Require- 
ments for Missiles",-Crucible Steel Company of America, 
Pittsburgh,   Pa. 

(22) Favor,   R.   J. ,   andAchbach,   W.   P.,   "Design Information on 5Cr-Mo-V 
Alloy Steels  (H-ll  and 5Cr-Mo-V Aircraft Steel) for Aircraft and 
Missiles  (Revised)",  Defense  Metals Information Center,   Battelle 
Memorial Institute,   DMIC Report  116R (September 30,   I960). 

(23) Ruff,   P.   E. ,   "Hot Work Tool Steel for Aircraft",   Metal Progress, 
75 (3),  March  1959,   103,   and 75 (4),   97  (April,   1959J:       """^ 

(24) Hamaker,  J.   C. ,   Jr.,   "Die Steel Useful for  Ultrahigh-Strength 
Structural Requirements",  Metal Progress,   70 (6),  93 (December, 
1956). 

(25) Hall,  A.   M. ,   "Some Considerations in the Use of High-Strength Steels", 
Am.   Soc.   Mech.   Engrs.,   Paper No.   60-MD-9 (I96O). 



39 and 40 

(26) Boulger,  F.   W. ,  "Review of Problems in Using Flat-Rolled Materials 
in Air and Space-Weapon Systems", Defense Metals Information 
Center,  Battelle Memorial Institute, DMIC Memorandum 52 (April 14, 
I960). 

(27) "Metallurgical Data Sheets", for Airsteel X-200,  5% Chromium Air- 
craft Steel (H-ll  Type), MBMC No.   1, D-6,  1% Cobalt Aircraft Steel, 
AISI4340, and 300 M,  American Welding Society,  Missiles and 
Rockets Welded Fabrication Committee (April 4,   I960). 

(28) Hucek,  H.   J. , Elsea,  A.   R. , and Hall,  A.   M. ,  "Notes on Large-Size 
Furnaces for Heat Treating Metal Assemblies", Defense Metals 
Information Center,  Battelle Memorial Institute,  DMIC Memorandum 
63 (August 25,  I960). 

(29) "Notch Sensitivity Wall Will Crack",  Missiles and P.ockets , p  15 
(June 22,   1959). 

(30) Freymer,  R.   D. ,  "Evaluation of High-Strength Alloy Steels,  Part I. 
Notch Sensitivity and Strength Under Biaxial Stress of Air-Melted 
High-Strength Steels",  Aerojet-General Corporation,  Solid Rocket 
Plant,  Report No.   SRP 177,   Special (October 15,   1959). 

(31) Bernstein,  H. ,  and Young,  G.   C. ,  "Second Progress Report on Frac- 
ture Toughness of High-Strength Sheet Metals",  U.   S.   Naval Weapons 
Plant,   Technical Memo No.   108 (November 23,   1959). 

(32) Campbell,  J.   E. ,  and Achbach,  W.   P. ,   "Current Tests for Evaluating 
Fracture Toughness of Sheet Metals at High Strength Levels", Defense 
Metals Information Center,  Battelle Memorial Institute, DMIC Report 
124 (January 28,   I960). 

(33) Shank, M.   E. , Spaeth,   C.   E. , Cook,  V.   W. , and Coyne,  J.   E. , 
"Solid-Fuel Rocket Chambers for Operation at 240,000 psi and Above", 
Metal Progress,  Tjb (5),  74 (November,   1959),   and Metal Progress, 
7M6),  84 (December,   1959). 

(34) Troiano,  A.   R. ,   "The Role of Hydrogen and Other Interstitials in the 
Mechanical Behavior of Metals",   Trans.   ASM,   52^,  54 (I960). 

(35) Morral,  F.   R. ,   "Development of High-Strength Steels by Working 
Metastable Austenite",   Defense Metals Information Center,   Battelle 
Memorial Institute,  DMIC Memorandum 39 (November 30,   1959). 

(36) Ludwigson,  D.   C. ,  and Morral,   F.   R. ,   "A Summary of Comparative 
Properties of Air Melted and Vacuum Melted Steels and Super alloys ", 
Defense Metals Information Center,  Battelle Memorial Institute, 
DMIC Report 128 (March 28,   I960). 

HJH:ARE:AMH/ims:pa:jvo 



W*»**" 

LIST OF DMIC 1ECHN1CAJL. REPORTS ISSUED 
DEFENSE METALS INFORMATION CENTER 

Baitelle Memorial Institute 

Columbus 1, Ohio 

Copies of the technical reports listed below may be obtained from DMIC at no cost by Government agencies, and by 
Government contractors, subcontractors, and their suppliers.   Others may obtain copies from the Office of Technical Services, 
Department of Commerce, Washingington 25, D. C.   See PB numbers and prices in parentheses. 

DMIC 
Report Number 

46D 

46E 

46F 
46G 

46H 
461 

106 
107 
lud 
109 

HO 

111 
112 

113 
114 
US 
116R 

117 

118 
119 
120 

121 

122 
123 

124 

126 

127 
128 

129 
130 

131 
132 
133 
134 
135 

Title 

Department of Defense Titanium Sheet-Rolling Program - Uniform Testing Procedure for Sheet Materiali, 
September 12,   195» (PB 121649 $1. 26) 

Department of Defense Titanium Sheet-Rolling Program - Thermal Stability of the Titanium Sheet-Rolling- 
Program Alloys, November 25,  1958 (PB 151061 $1.25) 

Department of Defense Titanium Sheet-Rolling Program Status Report No. 4, March 20, 1959 (PB 151066 $2.25) 
Department of Defense Titanium Sheet-Rolling Program - Time-Temperature-Transformation Diagrams of 

the Titanium Sheet-Rolling Program Alloys, October 19,  1969 (PB 161075 J2.25) 
Department of Defense Sheet-Rolling Program, Status Report No. 5, June 1, 1360 (PB 151087 J2.00) 
S.atistical Analysis of Tensile Properties of Heat-Treated Ti-4Al-3Mo-lV Sheet, September 16, 1960 

(PB 151096 $1.25) 
Beryllium for Structural Applications, August 15,  1958 (PB 121648 $3.00) 
Tensile Properties of Titanium Alloys at Low Temperature. January 15,  1959 (PB 161062 $1. 25) 
Welding and Brazing of Molybdenum, March 1, 1969 (PB 161063 $1. 25) 
Coatings for Protecting Molybdenum From Oxidation at Elevated Temperature, March 6, 1959 (PB 151064 

$1.26) 

The All-Beta Titanium Alloy   (Ti-13V-llCr-3Al).  April 17,  1959 (PB 151066 $3.00) 
The Physical Metallurgy of Precipitation-Hardenable Stainless Steels, April 20,  1959 (PB 151067 $2.00) 
Physical and Mechanical Properties of Nine Commercial Precipitation-Hardenable Stainless Steels, 

May 1,  1959 (PB 151068 $3.25) 

Properties of Certain Cold-Rolled Austenitic Stainless Sheet Steels.  May 15,  1959 (PB 151069 $1.75) 
Ductile-BnttleTransition in the Refractory Metals, June 25,  1959 (PB 151070 $2.00) 
The Fabrication of Tungsten, August 14,   1959 (PB 151071 $1. 75) 
Design Information on 5Cr-Mo-V Alloy Steels (H-ll and 5Cr-Mo-V Aircraft Steel) for Aircraft and Missiles 

(Revised), September 30,  1960 (PB 161072-R $1. 50) 

Titanium Alloys for High-Temperature Use Strengthened by Fibers or Dispersed Particles, August 31   1959 
(PB 151073 $2.00) . 

Welding of High-Strength Steels for Aircraft and Missile Applications, October 12,  1959 (PB 151074 $2.25) 
Heat Treatment of High-Strength Steels for Aircraft Applications, November 27,  1969 (PB 151076 $2.50) 
A Review of Certain Ferrous Castings Applications in Aircraft and Missiles, December 18, 1959 (PB 161077 

$1.50) 

Methods for Conducting Short-Time Tensile, Creep,  and Creep-Rupture Tests Under Conditions of Rapid 
Heating,  December 20,  1959 (PB 151078 $1.25) 

The Welding of Titanium and Titanium Alloys, December 31,  1959 (PB 151079 $1. 75) 
Oxidation Behavior and Protective Coatings for Columbium and Columbium-Base Alloys, January 15   1960 

(PB 151080 $2.25)    . 

Current Tests for Evaluating Fracture Toughness of Sheet Metals at High Strength Levels, January 28   1960 
(PB 151081 $2.00) ' 

Physical and Mechanical Properties of Columbium and Columbium-Base Alloys, February 22   1960 
(PB 151U82 $1.75) 

Structural Damage in Thermally Cycled Rene 41 and Astroloy Sheet Materials, February 29   1960 
(PB 151083 $0.75) ' 

Physical and Mechanical Properties of Tungsten and Tungsten-Base Alloys, March 15,   1960 (PB 151084) 
A Summary of Comparative Properties of Air-Melted and Vacuum-Melted Steels and Superalloys, 

March 28,  1960 (PB 151085 $2. 75) 
Physical Properties of Some Nickel-Base Alloys, May 20,  1960 (PB 151086 $2. 75) 
Selected Short-Time Tensile and Creep Data Obtained Under Conditions of Rapid Heating   June 17   1960 

(PB 161088 $2.25) 

New Developments in the Welding of Metals. June 24,  1960 (PB 151089 $1.25) 
Design Information on Nickel-Base Alloys for Aircraft and Missiles, July 20,  1960 (PB 151090 $3.00) 
Tantalum and Tantalum AUoys, July 26,  1960 (PB 151091 $5.00) 
Strain Aging of Refractory Metals,   August 12,  1960 (PB 151092 $1. 75) 

Design Information on PH 15-7 Mo Stainless Steel for Aircraft and Missiles, August 22, 1960 (PB 151093 $1.25) 



DMIC 
Report Number        Title 

136A The Effects of Alloying Elements in Titanium, Volume A.   Constitution, September 16.1960(PB 151094 $3. 50) 
137 Design Information on 17-7 PH Stainless Steels for Aircraft and Missiles, September23, 1960{PB 151096$!. 00) 
138 Availability and Mechanical Properties of High-Strength Steei Extrusions, October 26,  1960 (PB 151097 $1. 75) 
139 Melting and Casting of the Refractory Metals Molybdenum, Columbium, Tantalum, and Tungsten, 

November 18,  1960 (PB 151098 $1.00) 
140 Physical and Mechanical Properties of Commercial Molybdenum-Base Alloys, November 30,  1960 
141 Titanium-AUoy Forgings, December 19,  1960 (PB 1SH00 $2.25) 
142 Environmental Factors Influencing Metals Applications in Space Vehicles, December 27, ia6ü(PB 151101 $1.25) 
143 High-Strength-Steel Forgings, January 5,  1961 
144 Stress-Corrosion Cracking - A Nontechnical Introduction to the Problem, January 6,  1961 (PB 151103 $0.75) 
145 Design Information on Titanium Alloys for Aircraft and Missiles, January 10,  1961 
148 Manual for Beryllium Prospectors, January 18,  1961 
147 The Factors Influencing the i-racture Characteristics of High-Strength Steel, February 6,  1961 
148 Review of Current Data on the Tensile Properties of Metals at Very Low Temperatures, February 14.   1961 
149 Brazing for High Temperature Service. February 21,  1961 
159 A Review of Bending Methods for Stainless Steel Tubing,  March 2,  1961 
151 Environmental and Metallurgical Factors of Stress-Corrosion Cracking in High-Strength Steels, April 14, 1961 
152 Binary and Ternary Phase Diagrams of Columbium, Molybdenum, Tantalum, and Tungsten, April 28, 1961 
153 Physical Metallurgy of Nickel-Base Superalloys, May 5,   1961, 



Q 
W i 

U in 

tfi en 

^ 
J 

i 0) 

5 o a 

M   ^ 
0)   vO >- 

Ml C    sO 
h 
3 CO <-> s 
K »-> ai   • 3 

2 
SPM 

U . 2 ■A < 
nf ^ K <   . 2 - 

0   Ö 
I i^- «1 

2 s^ä 
0) 

'•H s§ 
U3 KUX Q o 

J^" -« ä >' > 

3 a 
-Ü 

^ U X 
-  -S 

2   g D 

up1-' 

S S Z 
i? o O « -fl H 5 H 

I 

Si 
u 
A 
O 
a! 
0. 

o 
a 1 

H   vD   ^ 
O -' ^ 

00 
•a  c 
o -d 

« o 
71        •" 

u < Z ° 

w " 
U 05 
O • 
ai < 

.3 ca ."" u 

5 a: 

13 Q 
c   •- ■H   ro 

•öl 

o -o 
ES 

3   S 

H.2   S^ 

• y m 

O 5  2 
■     2 

S <!   . 
-  .< 

u  5 3 Ä s  c t- 

X U X Q 

Ö   r 
a <! 

9 i 
o 
Ü 

"a3£: 

D   ! 
J3 J Z 
2 o u 

2"^ 

H £ 

O H 

z 
u 
S 
H 

S U 

2  g 

z 1>2( 
3 ^ >- 

rv "^ in 
O    -^ 
cd X    , 

■ J « 
9  -x 
n u ^■ y « 5 
ai u < 
gai-c 

OS 
^ O   - 
U     ^       "i 
3 f s 

U 2 : 
J u ^ 
cq O • 
3 a5<! 

  o 

-- .—.  v 
H sD  ;" 
O — ^3 ü. so   (n 

O T3 

i * 
" ^ 2 
S » « 

o 
ex 
tl (fl Ed 

2 u 
2 
Q 

—• a 0 
■^ 

•H 
U 

3 

1 i4 

•Si 
Q, td 

J2 t. 
<*4 H u d 

u ^j 

c 
0 T) c4 

£ 
-1 

4< £ 
w r m 

0 «j > U 
a> ui 

0) -o T) m 
c ti 

H rt X 

Q 
U 1 

l-i w 
»-) 
"i in 
m n! 
< u 
J *-> 
U 
2 

0 -^ 
D o 

c2 

C   ^o 

« 2 

2 S 

-H (SI 

tn r i ro 
m 

»-J ai . 2 
u 
2 

c 
o b 

ai <* 
2 •a 

E 

1 
<! 

u 
3 

< 0) 
n 
c 

U 

ß 
O x w X Q U 

a a > 

XI 
a 

SOI 

5      H      ^ 
« 'h 'S 

.2 a >2 ü 

O,   D    m    D 

ö   . ti a 
o  xl   n)   g 

^ ^ 'S 
H.2 % 

u.2 2 
" ^ i 

o 2 ij 
aj w 

^.2 
X <;   . 
- .<; 

X W X 

01 (_) 

| £ 

oi >H 
Q 

u 
u 

H r- 
o t- 
U 

a a > 

D   ! 
J2 J ^ 
m O u 

« > a 

o)    . X 

S.2  > 
o) A a 
tJO H 
0    - Ü 

oi 2; 
a 5 w 

■3^5 
oi   o    I 
5 U X 

•H      (U    ^] 

O    Ö   v 

^ ^ •J 

'5 b 3 m 
(DC1-' 

5   o O fl >g y 

ai X 

A ^ ^ 

ai u <; 

2 A"? OS 
J o    - 
3 2    1) 
H [-, 
«   M 

W «    : 
J U ^ 
(0 O    ■ 
< ai < 

' M ^"  Ü 

i H >o a 
I o "■ -3 

UJ 

01 

o 

<   D 

o - 
a • 
E 

-3 o 
vO  ,  (^ ,  

^ ■* 
01   ^ 

^ ai 
a u 

•oi 
J3 

3   ^   .Ü 

lw 73 Q 

P   ai   B   <u 

.J 



m —« 
a    i-> oi 

3 s X <; 

0)    " 

■a * o2 5 -5   <« w x 

|| 
2 'S 

ö   o 

Q 

U S 
a t~ 
o t- 
U 

»St 

. a 

EHS 

x 
H 
Ü 
Z 
u 
2 
H 

■Z to 
O     I 
U X 

I S 
D 2 S 

'5 ^ 
£ 2 
g o 

z « 2 

3ffi| 
a, ^ s 
S x . 

■o « 
, -K 

3 w 
n w ^ S w 5 w < _ 
Oi U < 

-I O - 

W , m 
H PH ^ 

w 2 ^ 
J o ^ 
m o • 
< a; <: 

JL 5      J< 
a. ei 
(O t T3 

H ^o 
O .^t 

sO U) 

(fl <*-* 
4J u. n < D 

_™       o 

O  T) 

o   * 

"   o 

H     u     "U 

3  ^ 'S 

5 aJ 

• 2 
•3 Q 

o 13   rt   S 
^   M   K   ü 

3 a 
O   3 
>•   u 
(U   en 

J -o -a  ,* 
H.2   g^ 

Q 
W 

1 Q w 
h< b. 

< < 
-i -i 
U o z 2 
D 5 

U .2 
Z g 
•s "I 
o2 

a! 

^H M 

V -O 

a ^n 
CO n 

-H 
id f- 

1-1 n! • 
2 

n u. 
2 •a < 

X i- rt w 

< b 
nl „ C o u 

u 
3 in rt 2 B 

0 
S Id X Q U 

« a a >' > 

a 
Si 
hi 

3 I 

2 * 

3 

OH 
-0 

2 

5 * 

2° 

  o 

o 

o l-J 

'5 ^ 
5 2 

,9 O 
3 H 

O •     .2 
oi ^         a; 
0* >~~   u 

Q . I ^ 
J fi 

Di U <•  « 

o 
t/1 H 
J O 

Ö • H H 
1/1 W 
u 2  : 
j u ^ 
CQ O    . 
< a < 

•o 

CS 
o    . 
Z    00 s i in  -** 
O  TJ H 

"r,    >2 

M  c 

< D 

a 
'j 

ai 
u 
2 
□ 

_2 ö .2 

«i " 3 ^ 
^ u i. ■g 

•3 ^ -o .2 •2 c ^3 t 
^ — tn -^ 

S1 * * • 
- H " " 
O v _ 

ES 

5 ""■a 
H .2   S 

Q ao 
0)   „ 

UJ 1 -i M n ^ 
u< 

OJ id f,' oJ    • - St 
10 

a) 
n ffl s ■   .2 

X <    . 

ef
en

se
 M

< 
In

fo
rm

at
i 

o
n
tr

ac
t 

A
 

(5 4) S 1 

^ 2 
D O 2 

1) 
V 

1/    fl)       , 

Pi w SWS Q      O 

a a > 

Q Q 
ro W 
IM 1« 
m U1 
m ITl 

< < 
J J 
I) u 
2 2 
^ a 

I 3 n {j m 

OJ « 

u
ce

k
, 

H
. 

J.
 

Is
ea

, 
A

.  
 R

. 
a
ll

, 
A

. 
 M

. 
ef

en
se
 M

et
a 

In
fo

rm
at

io
n

 
on

tr
ac

t 
A

F
 

u 
o m -5 

u 
0 

u 
a> 
a) 
2 

1 

a; in a w x Q    u 

Q 

u 
2 I 
9 

a a > 

id 

u c o 
■u 

H   vD Tl 

S^ en ^ a, 
6 
o « rt O 

n 
«  tu r! tn o n M <; D "ÖJ JJ 

CO     , U 

u 
OJ 

TJ 
tn  ^ ^ 1 
0)   ■"^ 

Is 
■H 
U 
OJ 

If] 

1 
Of 

U 
Ö 

5 tf •■H 
0 

H M (fl 
=J o c^ d 

. s 0 Tl (Tl 
0) E 

u 
3 

H 
-Z Q a tfl m 

0 3 > u ^ 
a. C^ OJ ta •*-• 
^^ x) Tl nl 
o  r- rt di 
TJ*  —< H -^ nJ ^ 

D   ! 

n!  O  W 
ü > Q 
2"^ 

S.2  . 
t5 O H 
Q    -Ü 

^ M 2 
£ 5 W 

en    O    I 
SOX 
" -S nl   u M 

G  [5 H 

5-5^ 

«s 

,2 
1 in 

5 
OJ 

n M y 

H 
2 

J 
W 

O 

9 -x 
n w ^ 

ai U <; 

"J EH   " 
J o   ■ 
W 5 « 
rj «  s 
p    1     tn 

MM; 
J U aJ 
m o   . 
< oi < 

 , o 

ffl ■* Ü 

a-« H -o ^ 
O -" ^ 

o -o 

»tag 
" <! a 

01  "I 

3 OJ 
a u 
■" 2 

a 

ji 
«     H   'S 3   JI    3 

m 3q » 
ai •H in 

^- 1/1 

o 
a   . 
o -a 

ti   « 

W   a 
>   u   ^ 
u   w   « 

«  J5 

.J 


