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ABSTRACT 

A new class of precipitation hardening iron alloys has been 
developed which do not require quenching from the solution temperature. 
These alloys have tensile strengths from 100,000 to 200,000 pounds per 
square inch and their ductility compares favorably with that of heat 
treated S.A.E. steels of the same strength. These alloys may be used 
for structures which are too large or complicated for easy beat treat­
ment and for heavy armor. 
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INTRODUCTION 

(a) Authorization 

1. This investigation on carbon free iron alloys was carried out 
under Ordnance Pro ject Order 0311:-0rd. of 13 November 1939. 

(b) Statement of Problem 

2. The purpose of this investigation was to determine whether 
carbon free alloys may be developed which have desirabl e properties and 
characteristics which are not to be found in steels , that is, iron alloys 
which contain carbon. 

(c) Knovm Facts Bearing on the Problem 

3 • There are several ways in v·hich iron may be strengthened 
without the use of carbon. 

A. The substitution for carbon of some other element which acts in a 
similar manner, for example, phosphorus, boron, or nitrogen. 

B. Any alloying element which goes into solid solution in ferrite 
will harden and strengthen it. The increase in strength which 
can be produced by this means alone is limited, for example, one 
per cent of mangane·se increases the tensile strength of iron only 
nine thousand pou."'lds. 

C. Alloying elements which bring about a marked decrease in the ferritic 
grain size may cause a marked increase in strength. For example, 
a carbon free alloy contain;ing eleven per cent manganese has a 
tensile strength of 150,000 lbs. (NRL Report No. M-1785). 

D. The greatest increase in strength in carbonless iron alloys may 
be brought about by precipitation hardening . This method was the 
one selected for investigation. 

4. Precipitation hardening (age hardening) is the method used for 
producing high strength al1JII1inum alloys. Copper beryllium alloys also owe 
their strength to precipitation hardening. The basis for conventional pre­
cipitation hardening is . illustrated by the constitutional diagram for 
aluminum-copper (Plate 1). At 548°c. aluminum can dissolve S.6$ per cent 
of copper but at J00°C., for example, only 0.7 per cent cs.n be held in 
solution$ The excess copper forms Cu Al2 in a more or less finely divided 
state di::;tributed throughout the alloy. If the particles of this inter­
metallic compound are of a certain "critical" size and are uniformly dis­
tributed the alloy possesses considerable strength and hardness. 

S. To harden a precipitation hardening alloy it is first quenched 
from the temperature at which the precipitating element goes completely 
into solution. This quenching treatment makes the alloy soft. It is then 
heated back to some temperature below the solution temperature and held 
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long enough for sufficient precipitation to occur to 5ive the physical 
properties desired. The time which an alloy "is held at the hardening 
temperature depends upon its composition and upon the temperature. Cold 
working before the precipitation heat treatment increases the rate at 
which hardening takes place. 

6. Conventional precipitation hardening alloys are subject to 
certain limitations. They mu13t be quenched from the solution temperature. 
This limits the thickness of material which can be precipitation hardened, 
since the inside of a piece of metal cools more slowly than the outside. If 
the piece is too thick so much precipitation takes place during cooling 
that the center is averaged and brittle. 

7. Another t rouble encountered with some precipitation hardening 
alloys is that precipitation occurs preferentially at the grain boundaries 
instead of uniformly throughout the grains. This results in intergranular 
brittleness . 

8. Several alloying elements are known to produce precipitation 
hardening in iron. Of these copper is used commercially. \~bile precipi­
tation hardening iron-copper alloys do not need to be quenched, the added 
strength conferred by the copper amounts to only twenty thousand pounds 
per square i nch. Lolybdenum and tungsten make iron precipitation hardening 
but either 6 per cent of molybdenum or 16 per cent of tungsten are required. 
Iron may be precipitation hardened also by titanium, beryllium, or by the 
formation of inte:nnetallic compounds of such elements as nickel and 
alW'!linum. 

(d) Theoretical Considerations 

9. If precipitation hardening iron alloys are to be useful they 
must either have properties not obtainable in iron alloys containing 
carbon or they must be superior to steels in some other respect. To 
harden a piece of steel it is necessary to cool it rapidly £rem a £airly 
high temperature. This rapid cooling will result in a certain amount of 
distortion unless troublesome precautions are taken. The depth to which 
steels harden, even alloy steels, is limited and i t is impossible to 
develop the same strength in a heavy section as that which may be secured 
on heat treating a small section. 

10. Precipitation hardening iron alloys would be useful, thep, if 
they could be made hardenable without quenching. If such alloys did not 
require quenching, they would also be hard.enable in heavy sections. 

11. We have invented a class of iron-base alloys which are pre-
cipitation hardening without quenching. The principles underlying these 
new alloys are three : 
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A. ~an? of the alloying elements which caur,e precipitation hardening 
in iron are more soluble in austenite than they are in ferrite. 

B. Most precipitation hardening elements do not come out of solution 
rapidly unless the temperature is above h50°C. 

C. Nickel and manga..~ese lower the temperature at which austenite 
decomposes. 

12. To make a precipitation hardening iron alloy which does not 
req1:ire quen?hing ne c?ribine~ Yrith a sufficient percentage of the precipi­
tating alloying elenent or e~ements enough nickel or manganese (or both) 
to lower the decomposition temperature of austenite to a temperature at 
which the rate of precipitation is inappreciable. 

13. other important results are achieved by these means. Pre-
cipitation on reheating these alloys to the precipitation ter.iperature is 
quite rapid due to the very small ferritic grain size resulting from the 
decomposition of austenite at a relatively low ter.1perature. 1ihen an 
alloy is hardened at 500°C., it may acquire eighty per cent of its added 
hardness in two hou.ra, be cortlpletely hardened in eight hours and lose no 
hardness when held for over forty-eight hours. 

ll.L. Our alloys al.so appear to be free from grain boundary pre-
cipitation. At least they have a fine grained fracture and are not brittle 
as are alloys which contain the same hardening elements but which have to 
be quenched. 

(e) Narrative of Original Work Done at This Laboratory 

15* A large number of carbon free iron alloys have been prepared 
and their hardness determined after quenching, air cooling and furnace 
cooling, and after reheating to various tenperat11res and holding for 
various lengths of time. These alloys include tl-,ose in which the austenite 
decomposition temperature was lowered by nickel, by manganese, or by 
nickel and manganese together. The hardening elements have included 
aluminum (with nickel), raolybdenura, copper (wit~ silicon or alumi.nu.~), 
titanium, and boron. 

16. Since the purpose of this study vm.s 1:he develop:r.ient of alloys 
for structural and ~allistic applications, ::ml:.- Lloys vmich can be hardened 
to 17ive tensile strengths bet·.:een 100,000 and 200 1 000 lbs. per square inch 
hav~ been studied._ t:o attenpt has been nade, i'~r exanple, to develop alloys 
hard enough to ma.chine steel. 

17. From the various hardening agents i!'.Vestigated nickel-al uminun 
was selected for intensive study. The tensile p:-operties of a series of 
alloys in various conditions of heat treatment w~re d~termined and some 
ballistic tests wer€ made on forged quarter inch µlates . 
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they are on quenching. Those alloys which have the same hardness whether 
cooled rapidly or slowly develop about the same hardness when given the 
precipitation treatment. Those which are harder on furnace cooling may 
show little or no increase in hardness on fUJ;'ther treatment. 

24. The relationship between the transformation temperature and the 
tendency to harden on cooling from the austenitic condition is shown in 
Plate 3, where the difference in hardness between furnace cooled and 
quenched samples is plotted against the temperature at which austenite 
begins to decompose. If this temperature is below 525°c. (980°F.), the 
alloys show the same hardness whether water quenched or fur~ace cooled. 

25 . .The time-hardness relationship of these precipitation hardening 
alloys is similar to that of the conventional precipitation hardening alloys. 
Two typical alloys, HAV, an Fe-Ni-Al type, and HAP, an alloy in which part 
of the nickel of HAV has been replaced by manganese, show that at the lower 
temperatures the maximum hardness attained is higher than that reached at 
the higher temperatures, although the time required is longer, Plate 4. 
At 550°C., the alloys overage rapidly and show a decrease in hardness after 
two hours; however, at temperatures below 500°C., the alloys maintain 
their hardness after 48 hours at temperature. 

26. The effect of heat treatment on the mechanical properties of 
furnace cooled alloys is similar to that of the usual preci pitat ion harden­
ing alloys, Table 3. The tensile and yield strengths increase with time at 
temperature until maximum values are reached corresponding to the flat 
portion of the time-hardness curves. However, the- elongation and reduction 
in area do not change with tensile strength in exactly the same manner as 
steels; thus, they may decrease when the alloys are held at temperature for 
a long time even though the tensile strength does not change. This decrease 
in ductility depends upon the composition of the alloy and the temperature 
employed. Alloy HAV, containing 0.50% aluminum, maintains its ductility and 
strength regardless of exposure to temperatures below 500°C. At a temperature 
of 550°C., as was shown by the hardening curves, the alloy overages rapidly, 
so that upon holding for 48 hours the tensile and yield strengths decrease 
below that of the original furnace cooled values though the ductility is 
still very good. In alloy HAP, in which the aluminum content (1.86%) is 
much higher, the ductility is good but the alloy is more susceptibi e to the 
heat treating procedure. When the alloy is exposed for long perioq.s of time 
at temperatures of 500°C. ·or 450°C. the ductility decreases. This is shown 
by a comparison of the properties after holding for 4, 8 and 48 hours at 
500°C . At the end of four hours the properties are good and compar e very 
favorably with those of quenched and tempered SAE steels of the same 
tensile strength, However, when held for eight hours the ductility decreases 
and at 48 hours, the alloy is extremely brittle. When the alloy is completely 
overaged by holding at 550°c. for forty-eight hours, the tensile strength is 
lowered and .the ductility fully recovers. 
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they are on quenching. Those alloys which have the same hardness whether 
cooled rapidly or slowly develop about the same hardness when given the 
precipitation treatment. Those which are harder on furnace cooling may 
show little or np increase in hardness on further treatment. 

2h. The relationship between the transfc,:-mati9n temperature and the. 
tendency to harden n cooling from the austenitic ~ondition is shown in 
Plate 3, 'Where the difference in hardness betwt:;en furnace cooled and 
quenched samples is plotted against the te.rirper:S.t~n·e at which austenite 
begins to decompose. If this temperat-y.re is below 525°c. (980°F.), the 
alloys show the same hRrdness whether water quenched or furnace cooled. 

25. The tit'le-hardness relationship of these precipitation hardening 
alloys is similar to tta~ of the conven~ional pr8~ipitation hardening alloys. 
Two typical alloys, H.-iV, an Fe-Ni-Al type, and HAP, an alloy in which part 
of the nickel of HAV has been replaced by manganese, show that at the lower 
temperatures the max.iannn hardness attained i$ higher than that reached at 
the higher temperatures, although the time required is longer, Plate h. 
At S5o0 c., the alloys overage rapidly and show a decrease in hardness after 
two hours; however, at temperatures below 500°C,,, the alloys maintain 
their hardness after 48 hours at temperature. 

26. The effect of heat treatment on t,he !'lechanical properties of 
furnace cooled alloys is similar to that of the usual precipitation harden­
ing alloys,. Table J. he tensile and yield strengths increase with time at 
temperature until m.ax.imum values are reached corresponding to the flat 
portion of the time-hardness curves. However, the elongation and reduction 
in area do not change nth tensile strength ::..n ,sxa.ctly the same manner as 
steels; thus, they r::.ay decrease when the alloys are held a.t temperature for 
a long time even though the tensile strength does not change. This decrease 
in ductility depends upon the composition of the alloy and ~he temperature 
employed. Alloy HAV, containing 0.,0% aluminum, :-:iaintains its ductility and 
strength regardless of exposure to temperatures below 500°C. At a temperature 
ot 550°C. 1 as was Stl(:>wn by the hardening curves, ~he alloy overages rapidly, 
so that upon holding for 48 hours the tensile and yield strengths decrease 
below that of the or•1-,irtal furnace cooled ~ra.J.u1::1s though the ductility is 
still very good. In alloy H;\P, in which the alu.nL·nim content (1 .. 86%) is 
much higher, the ductility ia good but the alloy is more susceptible ,to the 
heat treatine procedure. ,/hen the alloy is expo;;1ed !or long periods of time 
at temperatures of ;c-o0 c. or 4$0°C. the ducti:lt,J iecreases. This is shown 
by a comparison .:if the 'Oroperties after holding for 4, 8 and 48 hours at 
500°c. At the end of four ho~ t.he properties are good and compc\re very 
favorably with those of quenched and tempered 5A2 steels of the s.ame 
teJ'l.Sile strength. E07iever • h~n ~ld for eight. hc"Jrs the ductility decreases 
and at 48 hours, th") alloy i · extr ly brittle., en the alloy is completely 
overaged by holding at 550°9! f'-cr forty-eight h,,11.n • the -tensile strength is 
l~red and the duetil.H-y fully :r.eeowers. 



· 27. The tensile strength and impact resistance or some of the 
alloys are given in Table 4 and the l.i.mit velocities in Table S. 'to 
show the ductility of these precipitation hard-ero.ng al1oys in comparison 
to quenched and tempered SAE teelat the pe eent. elongation (Plate S) 
and the reduction in area, (Plate 6; re plotted against the tensile 
strength. The alloy possess good ductility in respect to both elongation 
and reduction in area since they fall above the curve for SAE steel. 

28. The ductility of these alloys as measured by the impact 
resistance is good. The relation between impaet resistance and tensile 
strength (Plate 7) is shown in comparison to similar t sts on the nickel 
steels used in a recent weldability study (NRL Report No. -1770). The 
nickel steels are known for their high irnpac~ values and, as seen in 
Pla~e 7, the precipitation hardening alloys exceed even these values. 

29. The photomicrograph o! alloy RAV a!ter furnace eooling from 
the solution temperature and holding for 4 hours at 500°C,. fails to reveal 
any grain boundary precipitation even at 1500 magnification (Plate 8). 
Alloy HAX, howeyer, which contains an excess of aluminum in respect to 
t he nickel content, shows a precipitate in the grain boundt;.rles after 
holding for 6 hours at .S00°c. This alloy was brittle in this condition 
but when it was completely averaged by exposing for 16 hours at 550°C., 
the precipitate coalesced into large particles (as is shown by the photo­
micrograph,) and the ductility tended to recover. 

CONCLUSIONS AND R.Ex;OLOJENDATIONS 

(a) Facts Established 

30.. Precipitation hardening alloys have been devised that can be 
hardened without water quenching.. In fact, these alloys may be cooled 
very slowly without impairment to the mechanical properties. 

Jl. These alloys have excellent ductility and impact resistance 
in coI:1parlson with heat treated SAE steels of the _same strength. 

J2. The limit velocities given in Table 5, while only 2-1/2% 
below the average value of limit velocities of good STS of the s~ 
hardness, probably do not represent the best values for these precipitation 
hardening alloys, since the test plates were made from small experimental 
heats and forged with perhaps not too much control. FurthermoN,the 
effect of heat treatment on ballistic properties was determined for a 
limited number of plates only and the best combination of solution tempera­
ture and hardening time and temperature was probably not found. 

(b) Opinions 

33. Since these precipitation hardening alloys may be hardened 
without quenching, heavy sections and structures difficult to heat treat 
because of shape may be heat treated • 
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)4. Although the alloy content of these precipitation hardening 
alloys is higher than that of STS, the cost for alloying &lements is more 
than offset by the lower cost of heat treatment. Furthermore, since part 
of the nickel content may be replaced by manganese, no new burden need 
be placed upon the nickel supply. 

JS. The fact that these alloys may be machined while soft and 
then hardened with little or no distortion should greatly aid in the manu­
facturing process. 

rux;OMMENDATIONS: 

36. The precipitation hardening alloys appear to have two definite 
types of applications. 

A. Structural members which are difficult to heat treat because of 
size or complicated shape. liter machining, complicated 
structures may be hardened with little or no distortion, since 
the precipitation temperature h50-500°C. is comparatively low. 

B. Heavy Armor. Since these alloys do not have to be quenched, 
uniform properties may be developed throughout thickness as 
great as twenty-four inches. 

37. Before definite recommendations can be made more experimental 
work should be done. 

A. Preliminary work on alloys of Fe-Ni-Ti, Fe-Ni-Cu-Si, Fe-Ni-Cu-Al, 
Fe-Ni-Mo, and Fe-Mn-Ti, has shown that these may be hardened in 
the same manner as the Fe-Ni-Al alloys. It is not known whether 
the properties of these alloys are better than those of the 
Fe.,;Ni-Al alloys, but some of these alloying elements may be more 
available than nickel and aluminum. 

B. These alloys would be easier to make commercially if the carbon 
content can be as high as 0.10% without impairing the properties. 

c. These alloys were not intended for use as light armor since 
carbon steels with little or no alloying additions may be used 
satisfactorily. Since, hmre-ver; these alloys a.re intended for 
heavy armor, more work s-hould be done on quarter irtch and thieker 
sections to obtain the best heat treatment and the behavior in 
heavy sections should be studied. 

o. A study should b-0 made Qt' the weldabilit.y of the alloys., 



TABLE l 

C.11emical Composition 

Allol Ni Mn Al Si C 
C I 

HE 7.88 O .18 1.38 0.02 

HH 7.65 - 1.48 1.65 

BK 7.50 0.19 2.75 
HN 5.65 J.04 -1.10 

HAE 7.85 0.23 0.62 0.11 0.03 

HAF 7.38 0.30 1.13 0.19 0.01 

HAH 7.J4 0.31 2.98 0.24 0.01 

HAJ J.8h 0.31 1.96 0.22 0.01 

HAK 1.75 3.55 1.89 0.25 O.dl 

HAL 1.64 7.53 1.84 0.27 0.02 

HAM 3.67 5.28 1.86 0.26 0.01 

HAN 1.81 0.30 o.68 0.04 0.03 

HAO 7.94 0.38 1.57 O.l) 

HAP 3.18 2.76 1.8h 0.18 

HAR 9.66 0.40 0.69 0.12 

HAS 10.20 0.44 1.47 0.19 

HAT S,13 2.08 1.64 o.io 0.04 

HAV 11.97 o.41 o.so 0.18 

HAW 11..99 o.4o 1.50 0.30 ·-
HAX 10.09 1.80 1.66 0.11 

HAY 2.14 !.t.52 1.58 0.17 0.04 



TABLE 2 

Haxirrn.nn Hardness 
Obtained on Holding 

Hardness - Rockwell "C" at 500°c. (932°F.) 
As Transforna-

i'1ater Air Furnace Yiater Air Furnace Composition t.:.on Temper-
Allol ~uenched Cooled Cooled Quenched Cooled Cooled Ni Km Al ature °C. 

HE 22 21 22 LO 37 7 .88 0.18 1.38 592 

i-!H 24 24 J6 46 40 7 .65 1.48 1.65 

HK 21 37 31 45 42 35 7.50 0.19 2.75 

HN 25 29 28 lili 42 39 5.65 3.04 1.10 

HAE 19 18 17 25 24 2h 7.85 0.23 0.62 594 

HAF 21 22 '1 );. 36 34 3)4 7 .38 0.30 l.lJ 608 

HAH 24 39 33 47 43 37 7.34 0.31 2.98 721 

HAJ 20 17 2L 36 32 35 J.84 0.31 1. 96 77h 

fiAK 24 2h 29 43 41 ul 1. 75 3.55 1.89 hOO 

HAL 26 23 25 44 44 1.d 1.64 7.53 l.84 274 

HAM 27 25 27 hh 44 43 3.67 5.28 1.86 377 

HAN 18 16 15 32 29 28 7.81 0.50 b.63 586 

HAO 26 32 36 42 40 38 7 • 94 O. 38 L 57 634 

HAP 24 22 ~!6 39 37 J6 3.18 2.76 1.86 562 

HAR 22 22 ?"J 
~~· 34 32 31 9.66 o.4o o.69 466 

HAS 24 26 38 4h 42 41 10.20 o.4h 1._1...4 482 

HAT 23 25 33 43 41 J9 5, 13 2 .08 1.64 580 

HAV 22 20 
A\,·, 35 33 ;2 11.97 0.41 o.so )36 
._,l_ 

HAW 25 2L 2'? 4h hl h2 11.99 o.ho 1.h8 475 

HAX 25 24 30 48 47 l.5 10.09 1.80 1..66 ltJ8 

RAY 23 22 23 JS 3h )3 2. 14 4. 52 1. 58 452 
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Yield 
Tensile Strength 

Alloy Strength 0.2% 

HE 135000 118000 

HJ 128000 109000 

. HU 95LOO 82000 

HII 157000 

HX 145000 128,')00 

HAN 126000 108500 

HAO 150000 132000 

HAP 152000 133000 

HAR 152000 lu2000 

HAT 152000 136000 

HAV 150000 1J6COO 

HAW 197000 165000 

HAY lL.0000 125.JOO 

Tf,BLE L 

Uechanical FroEerties 

Percent Reduction 
Elonga- in C!-'larrJ:r 
tion Area Impact 

22 .5 59.5 

25.0 6L.o 

22.5 61.t.O 

13.8 6J.O 

20.0 ss.o 
23.75 59.0 92 

21.25 57 .o 15 

20.0 59.0 10 

21.25 61.0 25 

16.25 1..9.0 s 
21.25 62.0 JO 

17 ,9 46.0 J 

20.0 56.0 19 

.,;. .~ir cooled 
'* 'tiate, •~11enched 

,, ~* Furn,~cP Co::>led. 

Treatment 

A.C.* li50°C. - 2 hrs. 

: • Q • -5-.-;r ::;oocc. - 2 hrs. 

,, 
h. • .J • LS0°c • 2 hrs. 

.A ... C,, 5Lo0 c. - 2 hrs. 

,-, 1""1- , , ~ 50CPC. - 2 hrs. r .. v. ')\-,,.-....· 

F .. :. 500°C. - 8 hrs. 

F .C .. 1,500,~ 
➔ V • - 8 hrs. 

. t:' ' 
.Ao NI '-J f 500°c. - L hrs • 

F .c. 500°c. - L8 hrs. 

v• ' 500°c. I hrs. r • i., • - Ll 

;;, r 
J,. fl V • 500°c. - 4 hrs. 

F .. C. 500°c. - 4 hrs. 

F .C. 450°C. - B hrs. 



AlloY: 

HAO 

HAR 

HAR 

HAS 

HAV 

HAV 

P.AW 

HAW 

HAX 

HAY 

Ballistic ?roperti~::-

l-!·-irrl"'1e:: s ;late 
Heat ~"'r~::t.!::ent Brin•)l l P':.cl-:ness -

.rurnace cc-11p,j )02 • 25 
+ 4 hr~-:. at -')G0°C. 

Furnac•· C'.)o::.ed 26? ' . • 251 

Furnace cooled 293 c,. 21.L 
+ 2-1/,2 h:s, at 500°C. 

Furnace c•,oled 302 '"'.2~9 
+ ') hr:,. 1- C. fr)OC C. 

Furnace cc .,led 285 i..J . 2 :,~l 
+ 2 hrs . 'lt G50°c. 

Furnace C•)::>led 302 .:, . 243 
+ h hrs. 2.t soo0 c. 

Furnace cooled 302 ').247 
+ 12 hrs . at 600°C. 

Air cooled 293 0 .250 
+ 1-1/2 hrs. at 500°C. 

Furnace cooled 285 ') .250 
+ 34 hrs. at 600°C. 

Furnace cooled 263 ::).252 

-"Sxcept v1here otherwise indicated, 
estimated gross error of limit 
velocity is+ 20 ft./sec. 

: i ·1.i. t* 
V'°lo.:.-ity-.:t/s,,'. 

'c:'I ,,, 
;,:;>,lU 

1 l_.60 

1 r' 1 ~, 
~:::,'-" + 25 

,.555 

ll.79 

1520 

1559 

1550 + 25 

1547 

ll.90 
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MICRO-STRUCTURE AFTER PRECIPITATION 
HARDENING TREATMENT 
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ALLOY HAX ALLOY HAX 
WATER QUENCHED AND HELD 

FOR 6 HOURS AT 500°C. 
1500X 

. WATER QUENCHED AN_D HELD 
FOR 16 HOURS AT 500°C. 

500X 

ALLOY H AV 
FURNACE COOLED AND HELD 

FOR 4 HOURS AT 500° C. 
1500X 




