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FOREWORD

This report was prepared by Armour Research Foundation of Iliinois
Institute of Technology, Chicago, Illinois, under United States Air Force
Contract No. AF 33(616)-3299. The contract was initiated under Project
No. 7360, "Materials Analysis and Evaluation Techniques," Task No. 73604,
*Fatigue and Creep of Materials.* The contract was administered under
the direction of the Materials Laboratory, Directorate of Laboratories,
Wright Air Development Center, with Mr. K. D. Shimmin and Lt. G. D. Haley
acting as project engineers.

This report covers work started or 1 May 1958 through 28 February 1959.
Fersonnel at Armour Research Foundation who contributed to the research
program ineclude: R. Knight, H. Mudelman, and J. Sheehan. Data used in

this report are recorded in Armour Research Foundation Logbooks C 8101 and
C 8345, assigned to ARF Project No. B099.
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ABSTRACT

Various experimental alloy steels were investigated with reference to
temper resistance, which was evaluated on the basis of hardness measurements.
Molybdenum was the major alloying element used for improving temper re-
sistance in steels having carbon contents in the range of 0.30C to 0.55
per cent. Chromium, vanadium, and tungsten were utilized in minor amounts
as alloying elements. It was found that austenitising at 2200°F was
required to dissolve all of the carbides and provide a fully martensitic
structure upon oil quenching or air cooling. Alloys were developed capable
of maintaining hardnesses of Rc L0 to Rc 59 after tempering for one hour in
the range of 1250°F to 1300°F.

PUBLICATION REVIEW

This report has been reviewed and is approved.

RICHARD R. KENNEDY !

Chief, Metals Branch
Materials Laboratory
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DEVELOPMENT OF ULTRA-HIGH STRENGTH, TEMPER-RESISTANT
STEELS DESIGNED FOR IMPROVEMENT OF FATIGUE PROPERTIES
THROUGH RELIEF OF RESIDUAL STRESS

I. SCOPE

Research involving the study and improvement of the fatigue properties
of high-strength steel has been actively carried out since 1 December 1955,
when this program was initiated at the Foundation. The original phase of
this program was concerned with the effects of melting practice and in-
clusion content on the fatigue properties of heat~treated AISI L3LO steel.
It was demonstrated that melting high-strength steel under vacuum or
protective atmosphere resulted in improved fatigue properties. However,
the most promising development involved air-induction melted steel initially
deoxidized with carbon additions, rather than silicon, and finally de-
oxidized with aluminum. This technique produced a steel having a Prot
endurance limit to tensile strength ratio of 0.55 and a constant stress
endurance limit of 1L8 ksi. Both of these values represented significant
advances.

The present program was concerned with improving fatigue properties by
means of microstress relief during high-temperature tempering. In order to
accomplish this, however, the development of a temper-resistant steel was
necessary —- a steel that would retain an ultimate tensile strength
approaching 300,000 psi after tempering in the 1000°-1300°F range to relieve
microstresses around inclusions. Several steels have been developed during
this program which appear to provide the necessary resistance for retaining
high tensile strengths after tempering at elevated temperatures.

The logical conclusion of these closely interrelated fatigue investi-
gations would involve the combination of methods: the application of
special carbon deoxidation techniques to the production of a high-strength,
temper-resistant steel. A steel prepared in this manner would realize the
advantages of both developments; fewer nonmetallic inclusions would be
present, and their stress—concentrating effect would be materially reduced
by tempering at high temperature. It appears that a temper-resistant steel
melted under these special techniques would provide high strength coupled
with significantly improved fatigue properties.

Manuscript released by the authors 28 February 1959 for publication as &
WADC Technical Report.
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II. INTRODUCTION

The objective of this program was to develop, produce, and evaluat.e the
properties of a steel which can be tempered in the range of 1100° to 1200°F
to strength levels approaching 300,000 psi. Other work in this field
involving the correlation of the size and shape of nonmetallic inclusions
with fatigue life has indicated that the cleanliness of the steel is a major
factor in determining the fatigue properties. As the production of inclusion~
free steel appeared impractical, it was proposed to study means of reducing
the residual stress pattern at inclusion sites. Since residual stresses
in structural members genersally result from the hardening operation, they
can be eliminated or relieved by a suitable tempering treatment. However,
in the case of a low-alloy steel such as AISI L43L0 the tempering range
cannot exceed LOO°F and maintain a high strength level. It becomes necessary
to temper at higher temperatures (1000 ~1%00 F) in order to achieve
gignificant or almost complete stress relief. This introduces the problem
of retarding softening and loss of strength during the tempering of low-
and medium-alloy steels at these temperatures.

It was desired to formmlate a steel having high tempering characteristics
in order to malntaln a tensile strength of 300,000 psi after tempering in
the range of 1100° to 1300°F. Among existing materials, even high-s eed
steels fall below the required strength level if tempered above 1200°F, and
they are unsuitable for structural applications becauae of their 1nherent
brittleness. However, tempering treatments in the 900° to 1100°F range can
produce better-than-expected fatigue properties in 5 per cent chromium
hot~work cdie steel compositions (such as Vascojet 1000). The presence of
strong cartide- and nitride-forming elements -- such as chromium, molybdenum,
vanadium, and tungsten —- retards the softening of steel at elevated tempering
temperatures. In some instances, an increase in hardness can be obtained
during tempering over a certain range of temperature. In order to develop
a temper-resistiant steel, alloys containing various combinations of these
elements were prepared and evaluated.

I1l. EXPERIMENTAL PROCEDURE

A. Alloy Selection

During this program, over 20 different steels were melted anxi evaluated
with regard to temper resistance. The alloy compositions investigated were
varied systematically in order to cover the greatest range and provide the
maximum information. The selection of experimental compositions was guided
by present knowledge and current developments in the field of high-strength
steel metallurgy. This background indicated that molybdenum has a very
significant effect on the resistance to softening at tempering temperatures

WADC TR 59-86 2



above 1000°F; as a consequence, the effect of varying molybdenum concentration
on the properties of a medium carbon-chromium-vanadium steel was chosen for
the initial investigation.

Hardness results indicated that approximately S per cent molybdenum
provided the greatest improvement in temper resistance. Following this,
the effect of minor alloy additions in varying proportions on the properties
of this particular steel were considered. Alloy development work was
directed, whenever possible, toward the investigation of one alloying element
at a time; this was done in order to determine the effects of a prescribed
amount of alloy addition. The realization of this objective was complicated
by variations in composition from one melt to another and interaction effect
among alloying elements. These elements included chromium, vanadium,
tungsten, niobium, cobalt, and nickel; various additions in the general ranges
shown below were studied.

0e35 - 0,80 per cent
0 - 1.50

0.50 - 2.00

0 = 2.00

0 = 2.00

0 = 13,00

0 - 2.00

[} <O
=28F®<g

The carbon range was necessarily limited: a minimum carbon content was
required to insure the formation of austenite at elevated temperature , and
the upper 1limit was restricted by the brittleness associated with high-
carbon steels. Chromium, vanadium, and tungsten are strong carbide-formers
and could be expected to contribute to temper resistance through the
formation of complex carbides. Niobium was studied to determine its ability
to inhibit grain growth at the temperatures required to dissolve complex
carbides. Cobalt was considered as a ferrite strengthener, while nickel
was reported to increase ductility and extend the austenite field.

A similar series of alloys was planned based on preliminary results
obtained using tungsten as the major constituent; however, lack of time
prevented completion of this work. Only one series of alloys of this type
was prepared and tested. The carbon contents ranged from 0.40 to 0.55
per cent while molybdenum, vanadium, and nickel, in similar amounts to
those studied previously for molybdenum alloys, comprised the secondary
alloying elements.

Bs Melting

The steels investigated during this program were melted by two different
techniques. The majority of alloys were melted in air by induction melting.
Standard aluminum deoxidation was employed, and refractory hot tops were
utilized in all cases. This practice enabled reasonably close control to
be maintained on chemical composition.

y
WADC TR 59-86 3



Several zliuys were induction-melted in a similsr furnsca under a partial
vacuum, A rod of AISI L1500 steel was used as melting stock, and alloy
additions including carbon were made in the cruecible. However, due to
limitations in furnace design, it was difficult to obtain the desired analysis,
especially carbon content, in this manner; and this method of melting was
discontinued.

C. Hot Working

Ingot breakdown was performed initially by hot upsetting., The majority
of the ingots were approximately 3 in. in diameter by 10 in. long (without
the hot top). In general, the hot tops were cut off after annealing, and
the ingots were cut transversely into two cylindrical sections of approximately
egusl weight, The sections were heated at 2000 to 2200°F in a carbon
monoxide atmosphere znd upset (in the direction of the cylindrical axis) in
one or two passes to a disc having a thickness of about 3/L in. Later in
the program this technique was modified to eliminate the cutting operations,
Using the same forging temperature, the ingots were press-forged in the
transverse direction (perpendicular to the cylinder axis) to a slab having
a thickness of about 1 in., in one or two passes. The forged ingots then
were annealsd to facilitate the preparation of heat-treating samples, and
the hot tops were cut off at this time,

D. Heat Treatment

After the forging operation, all of the ingots were annealed; this
treatment consisted of furnace cooling from 1850°F in a Vapocarb atmosphere.
4 cooling rate of about 100°F per hour was utilized. This softened the
steels sufficiently to permit bandsawing the samples preparatory to
heat-treating, Rectangular blocks, approximately 1 1/2 in. x 1 in. x 3/h in.
were used for heat~ireating purposes.

Augstenitizing at relatively high temperatures was required for the alloy
steels studied in this program. High temperatures, coupled with molybdenum
contents up to 10 per cent, resulted in excessive decarburization unless
gpecizl precautions were taken. A procedure was developed to eliminate
the necessity for grinding after heat treatment and minimize the effects of
decarburization. The rectangular blocks described above were austenitized
in an Inconel muffle using an atmosphere of purified argon. After quenching,
the blocks were split on a cut-off wheel, and hardness measurenents were
taken in the ceniral areas of the cut Burfaces.

Quenching was performed initially by air cooling. The original
molybdenum-vanadium steels were treated in this manner. However, subsequent
work on these steels showed that a higher as-guenched hardness could be
attained by oil quenching. As a result, this procedure was adopted and, with
only a few exceptions, all of the other experimenial alloys were hardened
by oil quenching.
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E. Hardness Measurements

Heat-treated and tempered samples were prepared for hardness tasting to
insure clean parallel surfaces. In the case of samples split after austen~
itizing, only the opposite surfaces were cleaned up as the cut-off operation
provided a good surface. Sufficient coolant was used during cutting in order
to avoid overheating. Four to five K¢ hardness measurements were made on
each sample; additional readings were taken if a close agreement in values
was not obtained on the first trial.

IV. RESULTS

A. Chemical Composition of Experimental Steels

The initial composition used in this program was a medium carbon-vanadium
steel to which varying amounts of molybdenum were added systematically. The
compositions of the steels prepared using this base composition are shown
in Table I. Additional alloys were prepared based upon data derived from
investigation of the initial compositions. The chemistry of these alloys is
shown in Table II,

B. Hardness Data

The alloys described above were austenitized at various temperaturss,
quenched in air or cil, and tempered for one hour at various temperaturss.
In some cases double tempering treatments were used. The heat treatments
and resultant hardnesses of the initial set of molybdenum alloys are shown
in Tables III to VI, These results showed that a minimum austenitizing
temperature of 2000°F was required to harden these steels, and the effect
of molybdenum addition appeared to be the greatest at about 5 per cent
(Table V). In view of this, additional studies were made on alloy No. 5.
Austenitizing temperatures in the range of 1900° to 2200°F wers investigated.
The results of this study (Table VI) indicated that an austenitizing
temperature of 2200°F resulted in higher hardnesses in both the as-quenched
and tempered condition. The heat-treating samples used to determine the
hardness values given in Table VI were found to be partially decarburized.
This explains, to a large extent, the lower hardnesses recorded here as
compared to Tables III, IV, and V. However, this apparently did not mask
the effect of austenitizing temperature on tempered hardness.

The effect of single and double tempering on the hardness of alloy
No. 5 is illustrated in Figure 1. As the effect of double tempering was
detrimental, at least in so far as hardness was concerned, further work
was limited to single-tempering treatments.

WaDC TR 59-86 5



Based on the promising results obtained with molybdenum-vanadium
steels, further efforts were directed toward developing increased temper
resistance. The data provided by the study of additional alloys (whose
compositions are given in Table II) are shown in Table VII. Steel com-
positions were developed which provided hardnesses as high as Rc 59 after
tempering for one hour at 12§0°F to 1300°F. Several of the more promising
steels were tempered at 1250 F. Pronounced softening was noted with the
exception of alloy V which maintained a hardness of Rc L47.5 after this
treatment. Tempering data are presented in graphical form in Figures 2 to 5.

V. DISCUSSION OF RESULTS

The results of this program indicate that alloying additions of
molybdenum, chromium, vanadium, and tungsten can be used to prepare temper-
resistant steels having carbon contents of 0.30 to 0.60 per cent. It was
rather difficult to make direct comparisons of the effect of alloying
elements because of the variations in alleoy content from one composition to
another. However, molybdenum appeared to be the chief contributor to
temper resistances This is shown in Figure 2 by the tempered hardness of
alloy A; this alloy has the following base composition:

C Mo v

0.L6% L.99% 0.48%

After tempering at 1200°F for one hour, this steel has a hardness of e L7;

this represents a considerable increase in tempered hardness as compared to

a plain-carbon steel of equivalent carbon content (Re 10=-20) or a commercial
hot-work die steel (about Rc 30) tempered in a comparable manner.

The affect of carbon content is also very important. A comparison of
eight of the experimental steels of varying composition studied during this
program indicated that the tempered hardness (after tempering at a given
temperature ) was proportional to the carbon content. This is shown in
Figure 6. These curves appear to define a linear relationship, especially
at lower tempering temperature, although considerable scatter is present.
These results point to the conclusion that in a given range of alloy content

(such as we are considering here) the tempered hardness is dependent upon
carbon content.

The effect of the other alloying elements is not as definitive. Although
the more highly alloyed steels tend toward higher tempered hardnesses, the
carbon contents of these steels also tend to be higher. It would reguire very
close control of composition to evaluate the effects of alloying elements,
but the general tendency of increased temper resistance with additions of
tungsten, chromium, and vanadium appears to be indicated in this work.

WADC TR 59-86 6



Tungsten appears to have an effect similar to that of molybdenum when it
is used as the principal alloying element, as in alloy Ne.

Figures 2 to 5 show that, to some degree, tempered hardness is de-
perdent on the as~quenched hardness. Tnis was not investigated to any great
extent; however, austenitizing temperatures and gquenching media were
selected to give as high a value of as-quenched hardness as was practicable,
Hardness measuremenis and metallographic techniques were utilized to guide
the selection of austenitizing temperature.

The effect of retained austenite on these steels was apparently slight,
Steels 4, C, D, and E were cooled directly in liquid nitrogen after air-
cooling to about 200°F. No significant differences in hardness were noted
either in the as~guenched or tempered condition.

It was desired to dissolve the principal alloy carbides during the
austenitizing treatment. This criterion resulted in the high temperatures
used (e.ge, 2200°F), as well as a very large grain sige. While it was
known that a large grain size would adversely affect the mechanical pro-
perties, this objection was waived at the time in order to develop a temper-
resistant composition. The addition of niobium appeared to have a favorable
effect on grain sigze, however. Relatively minor additions resulted in the
retention of carbides that were incompletely dissolved even after austen-
itizing at 2200°F, and the presence of these particles apparently restricted
grain growth to a considerable degree. Although only a few niobium-bearing
steels were examined, they demonstrated a markedly smaller average grain
size (after austenitizing at 2200°F), with only occasional large grains.
This effect of niocbium can be seen by comparing Figures 7 and 8; these
particular samples were hot-rolled to minimize the grain size.

VI. SUMMARY

Various medium-carbon steels have been developed which can be tempered
in the range of 1200° to 1300°F to hardness levels approaching Re 62.
Molybdenum, tungsten, and carbon appeared to be the major contributors to
temper resistance; these elements combined with varying amounts of other
alloy additions, chiefly chromium and vanadium, forged a serges of temper~
resistant steels. Within a tempering range of 1100° to 1300 F, compositions
can be selected providing tempered hardnesses ranging from Rc 39 to Re 62.
Even after tempering at a temperature of 1350°F, several alloys having
hardness values over Rc kO are available.

While this research program has resulted in a series of temper-
resistant alloy steels, this represents the initial stages in the development
of a useful material. An optimum set of melting, working, and heat-
treating procedures must be designed in order to realize the full potential

WADC TR 59--86 7



of these steels. The first step in this directiion appears to be the
elimination of the excessive grain growth associated with high austenitizing
temperatures. This will undoubtedly detract significantly from tensile
strength and ductility; however, these effects are susceptible to
modification. Two techniques are available to gain this objective. The
first involves a more intensive hot-working operation. While hot upsetting
was suitable for the needs of this particular program, it provided little

in the way of grain refinement. Hot rolling, for example, has been shown

to produce a finer grain size. The second technique employs additions of
niobium. Although this was not extensively investigated, it appears very
promising. Only a fraction of the increased temper resistance developed
here need be coupled with adequate tensile strength and ductility to produce
a temper-resistant, ultra-high strength steel.

Vii. CONCLUSIONS

Several important conclusions are indicated by the experimental results
obtained during this program. These conclusions are listed below; however,
they can be considered valid only for steels having similar chemical and
metallurgical characteristics.

1. A series of experimental medium-carbon steel compositions containing
molybdenum, chromium, vanadium, and tungsten were developed capable of
maintaining Rc hardnesses of 62 to 4B after tempering in the range of
1100°-1200°F .

2. Carbon appeared to have a strong effect in conferring temper
resistance; this was relatively independent of composition for the range of
steel compositions investigated.

1, Molybdenum and tungsten produced a significant increase in temper
resistance in the presence of sufficient carbon; these elements caused the
occurrence of a secondary hardening peak during tempering in the range of
1000°-1250°F.

ks In order to obtain the maximum effect of alloying on temper re-
sistanc. y the austenitizing treatmert must be such as to dissolve essentizlly
811 of the carbon; one hcur at 2200 °F was found to be satisfactory for the
steels developed during this investigation.

5. Minor additiens of niobium produced relatively flne-gralned
structurss after austenitizing treatments at temperatures up to 2200°F,

6. Refrigeration treatments following air quenching technigues had nc
significart effect on either quenched or tempered harcness.

7. Double-tempering treatments resulted in slightly decreased hardnesses.
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TABLE I
COMPOSITION OF MOLYEDENUM STEKIS

==sessrrarras = e — = P S T E ST SN S S XS XS s g S S T

Alloy Content, per cent

Designation c Cr v Mo
1 Oeli5 1.729 0452 1.02
2 0.hb 1.99
3 Ookily .02
k 012 1.26
5 0.47 1.28 0.55 LSk
é 0.L:5 Sehib
7 ' O.hily 680
8 Oolihy 7.58
9 Oslilt 8el:8

10 057 1.17 " 058 918

Note: These steels were derived {rcm the same heat by adding molybdenum
progressively; additional carbon was added to alloy No. 10; nominal
analysis of steels: 0,794 Mn, 0.L48% Si; 0.035% S, 0.010% F.
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TABLE II
COMPOSITION OF ALLOY STEELS

Alloy Content, per cent

Designation c Cr Mo v w Other Elements
A 0.L6 — L.99 0.148 -—
C Osk2 129  heCO  O.45 040
D 0.52 1.25  L.88  Oe9Lk Q.47
E 0.57 1.1k 3.80 0.89  0.77
G 0427 1l.16  5.28  1.10 —
1 0+34 1,18  Le2h  0.55  1.00
J Oulid 1.08 Le27 0.L4S - 2.20 Nb
M 0.L:5 1.17 5.89  0.56 -— 2.96 Co
N 0.5 -— 0.8 0.50 1.26
N-1 0437 0.C7 650 l.C? -
P Ouhls — -~ 0.54  5.15
Q 0.2 - 6.00 0.1 —
R 0.h1 —-— 6.92 0.39 -—
5 0.50 1.29 6.70 0.39 -— 1.99 Ni
T 0.61 1.25 5.30  0.87 0.76
U 0.61 1.25 5,40 0,90 0.93 0.1k M
v 062 1.25 5,06  0.84  0.88  0.19 Nb, 2,02 Ni
Al 0.h1 -_ 1.08 0.55% 1.04
EB O.Lk — 1.08  0.55 2,06
cC 0.L8 — 2,09 0,50 2,91
FF Qoo - 2.02  0.50 - 3.2k

‘Note: All alloys were air-melted except G, I, and Mj

Nominal minor alloy and impurity content:

0.035% S; 0.010% F.

WADC TR 59-86
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TABLE VI
EFFECT OF AUSTENITIZING TEMPERATURE
ON THE HARDHNESS OF STEEL NO. 5

Austenitized as shown, air-cooled
Tempered for one hour each time as shown

Rockwall C Hardness

Austenitizir 1200°F 1275°F 1342°F
Temperature, F As-quenched Temper Retemper Retemper
1900 Ly by 39 32
2000 50 L7 L2 35
2100 ks L6 L2 34
2150 50 50 L6 28
2200 56 51 11 39
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Neg. No. 17997 100X
Etchant: 2% nital

Fig. 7 Micrsotructure of Steel T,
Quenched and Tempered

Austenitized at 2200°F

Composition: C Mo Cr v W
0e6l 5.30 1.35 0.87 0.76

2k



Neg. No. 17998 100X
Etchant: 2% nital

Fige 8 Microstructure of Steel U,
Quenched and Tempered
Austenitized at 2200°F
Composition: C Mo Cr A w Nb
0,61 G.hO 1.35 0.90 0.93 0.1}
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