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AR-Aging as a New Approach for Enhanced Results
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MAR-aging steels have earned a niche in the metal market arena, especially where aerospace and outer-
space applications are concerned. MAR-aging steels owe their high strength, excellent fracture tough-
ness, and good ductility to a precipitation-hardening (aging) mechanism that has been debated by
scientists for several years. Because of today’s trend toward more demanding design requirements
and a continuing need to better understand the MAR-aging family of materials, six different alloys
(C-200, C-250, C-300, C-350, T-250, and T-300) were selected for study using a singular processing
treatment: a hot-wall zone-gradient furnace. These alloys were evaluated for the effects of a specific ther-
mal gradient (°C/cm) from 1231 °C (2250 °F) at the hot-wall limit to about 260 °C (500 °F) at the opposite
end, the cold wall. All six alloys were evaluated in terms of their microstructure, microhardness, compo-
sition, and associated properties as a result of this specific thermal processing method. In this paper, de-
tailed observations on the C-350 alloy are presented, and the results are interpreted in terms of a new heat
treatment cycle called AR-aging.

Keywords isochronal heat treatment, MAR-aging steel alloy are givenin Table 1. As shownin Table 1, these alloys represent
C-350, polygonization, recrystallization and both iron-cobalt types (C-grades) and iron-titanium types
recovery, zone gradient profile (T-grades).

Each round bar was about 305 mm (12 in.) long with an av-

1 History erage diameter of 19.1 mm (0.75 in.). Exteriors of each round

bar were ground smooth to eliminate surface oxides and seams
from the fabrication cycle. Twelve bars (two of each alloy type)

Both discovery and development of the early MAR-aging were thermally processed for this investigation.

alloys are attributed to the work (Ref 1-4) of C.G. Bieber, R.F.
Decker, S. Floreen, and others under the sponsorship of the In-
ternational Nickel Co., Inc. (INCO). Production melts of these
alloys were made at Latrobe, Pennsylvania by Vasco. The origi-3- Methods
nal impetus for these new alloys was an improved hull for a nu-
clear submarine. Since then, MAR-aging steels have been Each load for the zone gradient furnace used four bars (two
successful in a multitude of other application areas. alloy types per run), two of which were instrumented with ther-
Unfortunately, the specifics of MAR-aging metallurgy are _mocouples along their Igngth dimension and two that were not
not well understood by most engineers and technologists. Thignstrumented. The two instrumented bars were always placed
problem is a result of economic factors that have caused downon the outside of the other two bars, and similar alloy types
sizing, mergers, and elimination of the research staffs that werevere located next to each other. A Model GF-14 SATEC
assigned to this “minority market” of MAR-aging steels. It suf- (SATEC Systems Inc., Grove City, PA) gradient furnace was
fices to say that contributions to the sum of total knowledge for Used with a hot back-wall temperature of 1231 °C (2250 °F) for
MAR-aging alloys have been inadequate relative to the needs? one hour isochronal heat treatment cycle. Temperafjre (
and priorities of the end user. As a result, more field failures versus distance) from the hot-wall end was monitored and
have occurred with MAR-aging steels than with other new al- récorded for each furnace cycle.
loys from the same era, particularly where air-melted material ~ Test bars were measured for length and diameter changes as

was involved. Consequently, this paper is dedicated to a bette@ function of this thermal gradient processing. Both optical and
understanding of these Specia| a||0ys_ electron metallography were applied along with Vickers micro-

hardness testing (300 g load, 15 s dwell time) to characterize
changes in structure that were caused by these thermal effects.
About thirty specimens were obtained from each bar with par-

2. Materials . = : : . .
allel serial sectioning using a diamond saw wafering machine.

All six alloys for this investigation were manufactured by
the method of IVM-CVM using state-of-the-art melting prac- . .
tice. Ingots were reduced to round bar using a standard reduc4' Discussion
tion sequence at the producer mill, Vasco. Nominal
composition of the alloys that were studied in this investigation  Typical thermocouple data for a given run of temperature
(T) versus distancé)) revealed a gradual curvilinear response
C. Hays,Hays Metallurgical Engineering Corp., P.O. Box 3250, Pear- from ho_t-wfall to cold-wa_ll that is indicative of recovery and re-
land, TX, 77588:R. Stemmler, Vasco Pacific, 707 West Olympic  crystallization effects. Figure 1 shows how these observations
Blvd., Montebello, CA, 90640. varied for alloy C-350. In Fig. 1, the squares reveal the actual
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observations for this specific alloy with its associated best-fit,  Figure 4 defines the initiation stages for AR-aging: the ef-
linear-correlation curve for alloy C-350 data. fects of grain growth plus germination followed by recrystalli-

Figure 2 shows the process of softening where the effects ofzation plus aging. Germination is defined as the “beginning to
a hypothetical isochronal annealing treatment are presented. Iflevelop” stage.

AR-aging is to be better understood, Fig. 2 is required for defi-  Figure 5 is similar to Fig. 4, except that the rightmost end of
nition purposes. Fig. 3 is better illustrated for the hardening of as-received, mill-

Here, the Rockwell C hardness (HRC) decreases as theannealed samples. Here, zone 3 identifies the region where re-
process temperaturg)(increases with three important changes covery occurs simultaneously with aging, and zone 4
of state being observed for a given stored energy. These imporrepresents that part of the process where aging of the as-re-
tant process cycles of recovery, recrystallization, and grain ceived and mill-annealed sample offers no significant increase
growth have been described in detail by Margolin (Ref 5). in either hardness or strength.

Figure 3 reveals the response for alloy C-350 after a one |t rig. 3to 5 are studied in detail, it is evident that an AR-ag-
hour soak within the zone gradient SATEC furnace. In Fig. 3, ing heat treatment cycle requires an integration of different
Vickers microhardness (HV) undergoes a reversal after zone 2 ryes for grain growth, recrystallization, and recovery to be
while temperatureT) decreases uniformly as a function of dis- - properly understood for this alloy system. These new findings
tance D) and sample length. The leftmost portion of zone 1 prqyide the end user with a significant new processing chal-

represents fully annealed material with grain growth and the |gnge to incorrectly age harden an as-received, mill-annealed
rightmost area of zone 4 characterizes the as-received, mill-angongition for less than optimum results or to correctly full-an-

nealed condition. Here, zone 2 defines the area where recrystalyeg| 4 sample prior to optimized aging for enhanced results.

lization plus aging occurs and zone 3 depicts the area forTpis new heat treatment process is further described as a com-
recovery + aging reactions. bination of these sequential events: annealing + recrystalliza-

tion + aging.
TEMPERATURE, (T), Deg C Current metallurgical process practice, as controlled by
0 1 * : ; : 1 military specification MIL-S-46850C, does not differentiate
Superimposed Curve Of Best Fit between the two important variables of mill-annealed versus
1250 full-annealed conditions. Further, this important specification
does require aging of vacuum-melted material for 4 h at 482 °C
. / (900 °F). This is to say that there is no apparent concern for
1000 \ different levels of stored energy from the producer mill for
various thermal-reduction schedules that take place from in-
750 got to billet to bar. In addition, this specification is uncon-
cerned about another important process attribute for these
particular alloys: to solutionize at a limit temperature of less
500 \ than 1093 °C (2000 °F).
\ AR-aging requires that all as-received material from the
250 ‘ ; producer mill be completely annealed to properly solutionize
0 13 25 51 102 152 191 236 305 all of the hardening elements before aging is ever initiated. The
DISTANGE FROM HOT WALL, Cm ef_fects of any prior aglng_anql residual stre_sses are a_nnlhllated
with an appropriate application of a solution annealing tem-
Fig. 1 Typical gradient-distance data for alloy C-350 perature. This treatment cycle leads to a better end resultin full
65 ROCKWELL C HARDNESS, (HRC) VICKERS MICROHARDNESS, Pa
HOT END
2100 / COLD END
55 /
RECOVERY 1800
45
RECRYSTALLIZATION
1500
35 ZONE | ZONE 4
GRAIN GROWTH =T 10NE 2 | o
25 1200
38 260 538 815 953 1093 1137 837 517 327 260
TEMPERATURE, (T), Deg C TEMPERATURE, (T), Deg C
Fig. 2 Isochronal softening defined Fig. 3 Gradient profile for alloy C-350
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agreement with those claims that were first reported by Adair etsiduals from the as-received, mill-annealed condition. The ob-

al. (Ref 6, 7). Table 2 cites recommended AR-aging treatmentjective of recrystallization has been here achieved; in other

cycles to achieve a minimum grain size and an enhanced microwords, a new set of grains has been created, and the driving
structure (without impurity segregations) for alloy C-350. force for germination effects has been rendered for the sub-
When process variables of Table 2 are dutifully executed, inter-sequent aging treatment.

esting new results are achieved which have not been previously Figure 8(a) shows an optimized microstructure that exists

reported. when AR-aging is applied at a temperature of 517 °C (962 °F)

Figure (6) is an optical micrograph at an original magnifica- for one hour followed by air cooling (AC) to ambient. A Vick-
tion (M) of 400x to characterize the solution-annealed condi- ers hardness of 3229 Pa (791 kg/fhmas observed without
tion where a Vickers (HV) microhardness of 1343 Pa (329 any residual effects from the as-received, mill-annealed state.
kg/mn?) was observed. Here, large grain diameters are evidentThis peak condition will offer a range in HV values that vary
without any residual, undesired effects caused by the mill-an-from about 3037 to 3229 Pa (744 to 790 kgAnmepending
nealed and as-received condition. An optimized result has beeron the aging time and the hardener composition. This corre-
here achieved for the solution-treated condition because thissponds to a range of about 62 to 64 HRC.
process temperature of 1057 °C (1935 °F) has not caused any Electron metallography is given as Fig. 8(b) ath\gpof
segregation of impurities. 1500«. It is evident that the dissolution of untransformed

A set of new grains is shown in Fig. 7(a) for the recrystal- austenite in alloy C-350 is a function of both low-angle and
lized condition at aM, of 400x. When a solution-annealed high-angle grain boundaries. This electron micrograph con-
sample is water quenched (WQ) from a temperature of 789 °Cfirms that an AR-aging process is driven by a polygonization
(1452 °F), the basic requirement for an optimum aging re- mechanism that involves a substructural strengthening
sponse is then executed; in other words, enough energy theevent from proper processing of allied strain-anneal factors
exists to properly activate the subsequent sequence of ageising reactions of recovery, recrystallization, and grain
hardening. growth.

This recrystallized condition is given as Fig. 7(b) avimof This new work does not attempt to confirm or deny any pre-
1500x. Here, electron metallography reveals a small grain di- vious metallurgical theories about the hardening mechanism of
ameter for this soft as-quenched product, an HV of 1429 PaMAR-aging steels through a martensitic transformation that is
(350 kg/mnd). Again, there is no evidence of any blocky either diffusion-controlled or diffusionless with transformed
austenite and untempered martensite as undesired phase raustenite or irreversible gamma prime. This investigation does

Table 1 Nominal compositions of the Fe-base alloys studied

Composition, wt%

Type Ni Co Mo Ti Cu Al Si Cr Mn P w \% B Zr
C200 18.2 7.5 4.4 0.2 0.14 0.1 005 004 001 0005 001 001 0003 0.012
C250 18.6 8.0 4.9 0.5 0.17 0.1 004 029 002 0005 001 001 0004 0014
C300 18.6 9.2 4.8 0.7 0.17 0.1 006 019 001 0004 001 001 0005 0.017
C350 18.7  12.2 47 1.4 0.11 0.1 005 005 001 0005 001 001 00033 0.012
T250 18.6 0.1 3.0 1.4 0.05 0.1 005 004 001 0007 001 001 0.0001 0.01
T300 18.3 0.4 4.1 1.9 0.07 0.1 004 003 001 0005 001 001 0.0002 0.01
VICKERS MICROHARDNESS, Pa VICKERS MICROHARDNESS, Pa
300 ZONE 2: RECRYSTALLIZATION 3200 ZONE 3: RECOVERY
WITH AGING WITH AGING
ZONE 4:
2700 2700 RECOVERY
WITHOUT
ZONE 1: GRAIN GROWTH AGING
2200 WITH GERMINATION 2200
1700 1700
1200 1200
1136 967 837 702 517 517 437 37 327 260

TEMPERATURE, (T), Deg C

Fig. 4 High temperature end of gradient
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TEMPERATURE, (T), Deg C

Fig. 5 Low temperature end of gradient
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offer suitable evidence that this system of alloy steels can be efdifferent structures for similar hardness levels, 1343 versus
fectively hardened using a new and different approach. 1416 HV (about HRC 34).

Figure 9(a) is an optical micrograph withdg of 400« for If differences between Fig. 7(a) and 9(a) are evaluated (zone
a sample in the as-received, mill-annealed condition. Here, the versus zone 4), it is apparent that recrystallization is the pref-
presence of blocky austenite and untempered martensite is viserence over mill-annealing for a similar hardness level of 1429
ible for a Vickers hardness of 1416 Pa (347 kgAnm versus 1416 HV (about HRC 35). A set of new, small grains is a

Figure 9(b) is an electron micrograph at\dgnof 1500« to distinct advantage over the residual stresses and stored energy
document the fact that mill-annealed samples might undergoproplems that dominate the mill-annealed state.
some recovery L_Jsing heat treatmenF cyc_les within zone 4 wi_th- If zone 2 and zone 4 are again compared by a review of Fig.
out any concomitant effects from aging; in other words, n0 sig- g 4y ang 9(a), it is evident that proper solution annealing plus
nificant change in hardness and strength exists for samples tharlecrystallization plus aging by the process of AR-aging can
are so_proc_essed. . ... yield enhanced results. AR-aging can yield an optimized result
O B oot 1 Vckrs 3229 a (about HRC 4) e il anneaing pls

recovery with aging can only warrant a minimum acceptable
hardness of HRC 56 per MIL-S-46850C, which is equivalent to
about Vickers 2551 Pa.

If this optimization effect is considered in terms of flow
strength that is about equal to the conventional yield strength
(Ref 8), samples can exhibit an enhancement of greater than
70,000 psi as compared to a conventional MAR-aged result (56
HRC compared against 64 HRC).

As first reported by Linnert (Ref 9), the alloy hardening
of a given heat for a C-350 alloy composition can be esti-
mated:

AS, (ksi) = 8.8(Co) + 22.6(Mo) + 87.7(Ti + Al)

Table 2 AR-aging of alloy C-350

Cooling method
Aging method Temperature, °C (°F) Time (min),h  to ambient

Anneal 1057 (1935) 1 Air cool
Recrystallize 789 (1452) 1 Water quench
Age harden 517 (962) 1 Air cool

Fig. 6 Micrograph of fully annealed alloy C-350. 400

(b)

Fig. 7 Recrystallized alloy C-350 at (a) 40@nd (b) 1508
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Table 3 Summary of important results

Isochronal process Average Vickers
temperature, °C microhardness, Pa Average Rockwell Flow strengttg(),
Metallurgical state (°F) (kg/mm?2) C hardness MPa (psi)
Solution annealed 1057 (1935) 1343 (329) 33.3 1008 (146,000)
Recrystallized 789 (1452) 1429 (350) 35.8 1073 (155,550)
Recrystallized and aged 517 (962) 3229 (791) 64.2 2424 (351,575)
Mill-annealed 260 (500) 1416 (347) 35.6 1063 (154,000)

Minimal acceptable hardness for MAR-aged C-350 alloy is 56 HRC per MIL-S-46850C, which is equivalent to about 2551 Part§25Ragkwell C
hardness data were determined from conversion charts for MAR-aging steel. Flow s@gng#s (calculated from Tabor’s law (Ref 8).

Fig. 9 Mill-annealed alloy C-350 at (a) 48@nd (b) 1508
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On this basis and without regard to any size effects and/or mi-
crosegregations this heat (see Table 1) would exhibit a maxi-
mum yield strength)) of 2379 MPa (345 ksi). Table 3 shows
that AR-aging can produce a flow strength of 2424 MPa (351.5«
ksi) so these two strength values are similar. Assuming that the
minimum acceptable flow strength for a MAR-aged product is
1915 MPa (277.8 ksi) per MIL-S-46850C (based on 56 HRC),
then the percent difference between two important design lev-e
els for C-350 (2424 MPa versus 1915 MPa) is approximately a
24% difference, which is statistically significant. This is to say
that AR-aging can offer much improvement over what is often
called minimum requirements (56 versus 64 HRC).

If Fig. 7(b) and 9(b) are evaluated, the primary difference to
be noted is that one process treatment (recrystallized) leads to a
fine grain size practice, while the traditional treatment of mill-
annealing with recovery causes a coarser grain size. And, for
this alloy of C-350, fine grain size approaches are always re-
quired if life extension is of concern for noncreep applications.

If Fig. 8(b) and 9(b) are studied, the ultimate difference for
AR-aging is here depicted through the controlling force of
polygonization in lieu of transformation effects caused by con-
ventional MAR-aging.

1.
5. Conclusions 2,

This investigation has been sufficient to offer these sum- 3.

mary remarks:

* MAR-aging steels do respond in a significant manner to 4,
conventional recovery, recrystallization, and grain growth
processing by a new process called AR-aging.

e The reactions of solution annealing and age hardening are
reversible reactions if the hardening elements are redis- 6.
solved at a limit temperature of less than 1093 °C (2000 °F), 7.
and if recrystallization-aging follows a satisfactory solu-
tionization treatment. This confirms earlier work by Adair
et al. (Ref 7) who claimed that an elevated thermal treatment
is mandated if MAR-aging steels are to achieve an optimized 8.
austenitic grain size for improved mechanical/metallurgical 9.

5.

7380 Volume 7(6) December 1998

properties. Adair’s high-temperature treatment for grain re-
finement has not been commonly used during the interven-
ing years.

Of the two processing treatment methods (MAR-aging ver-
sus AR-aging), AR-aging is preferred because it virtually
eliminates the problem of undesired residual phases in this
strategically vital family of Fe-18Ni alloy steels.

AR-aging procedures have proven to be of extreme impor-
tance for many different applications, but two recent in-
stances quickly come to mind: a component for a nuclear
reactor application in the Northwest and precision-made
Hopkinson bars to be used by prestigious universities of the
East and in the United Kingdom. Hopkinson bars are used
for reference purposes where ever so slight changes in size
are of utmost importance. In both cases, the original mill-
annealed condition was neither acceptable nor usable, so
AR-aging techniques had to be applied in lieu of conven-
tional MAR-aging procedure, and this process change to
AR-aging did yield successful results.
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