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1. Introduction

Previous experimental investigations [1-3] have indicated that
the strength and load-carrying ability of 18Ni (250) and 18Ni (300)
maraging steels are significantly impaired when these steels are sub-
jected to rapid heating under concurrent constant tensile loading.
Under these conditions yielding and failure occur at lower temperatures
than predicted from yield and ultimate strengths determined in conven-

A tional elevated temperature tensile tests. It has been proposed that
these steels exhibit a negative heating rate dependence when stressed
to at least 70 percent of their room temperature yield strengths and
heated to failure under these loading conditions [3]. The heating rate
dependence is considered to be negative because for a particular stress,
yielding and failure occur at lower temperatures as the heating rate is
increased. The negative heating rate dependence of these steels may be
analogous to the negative strain rate dependence observed by Kendall [41
for 18Ni (300) maraging steel at 6000 F. He attributed the decrease in
yield strength with increasing-strain rate at this temperature to stress
aging.

A negative heating rate dependence could also result from thermo-
dynamic instability of the martensite matrix or intermetallic precipi-
tates during the rapid heating test procedure. While no evidence of
mechanical instability of these steels exists for temperatures up to
the aging temperature for material aged at 900 0 F, the detrimental
effect of aging at temperatures below 900 0 F has been reflected in all
grades of 18Ni maraging steel through reduced delayed fracture resis-
tance, response to variations in strain rate, and increased suscepti-
bility to subcritical crack growth [5-7].

The detrimental effects of aging these steels at temperatures
below 900*F have generally been ascribed to a critical change in the
precipitation hardening reaction at these temperatures. Peters [8]
has found that aging these steels at temperatures below 900 0 F results
in the formation of an unstable matrix precipitate along with stable
dislocation-nucleated precipitates. On heating to 900*F, the unstable
precipitate dissvolves in solid solution and is subsequently precipi-
tated in the form of the stable precipitate, This reversion process is
known to cause a rapid momentary decrease I hardness, which is
recovered as isothermal nucleation of the stable precipitate proceeds.

It is apparent that the loading-heating sequence used in the
heating rate test procedure could signifis, - ' th mechanical
behavior of these steels. Tho additional strain energy supplied Ly the
applied stress could influence the stability of the martensite matrix
and the intermetallic precipitateA during heating at temperatures below
the prior aging temperature, This could result in significant deviation
from the mechanical behavior of these steels observed in conventional.
elevated temperature mechanical tests.

Preceding page blank
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This investigation was undertaken to provide a comprehensive analy-
sis of the elevated temperature mechanical behavior of 18Ni (300)

maraging steel. The specific objectives of the investigation were:

a) To establish the heating rate and loading rate dependence and
sensitivity of this steel at temperatures up to 12000 F and to
determine the influence of maraging parameters on this behavior

b) To determine the influence of mechanical test procedure and
maraging parameters on the elevated temperature strength and
load-carrying ability of this steel

c) To provide more realistic mechanical property data for material
selection and design considerations for solid propellant
missile motor cases and other structures subjected to rapid
heating with concurrent loading or rapid loading at elevated
temperatures.

2. Experimental

a. Material

Commercial grade, consummable-electrode vacuum remelt,
mill-annealed 18Ni (300) maraging steel sheet with a nominal thickness
of 0.082 inch was used in this investigation. The certified chemical
composition in weight percent was 18.62 Ni, 9.00 Co, 4.75 Mo, 0.65 Ti,
0.15 Al, 0.014 Zr, 0,05 Ca, 0.006 S, 0.003 P, 0.002 B. Aging this steel
at 900*F for 3 hours resulted in a 298,500 psi yield strength$ 304,000
psi ultimate strength, and 4.0 percent elongation in 2 inches. Metallo-
graphic and X-ray diffraction analysis indicated that the microstructure
of the material was uniform with no evidence of significant microsegre-
gation or preferred orientation.

(1) Maraging Kinetics. The maraging kinetics of the
steel were investigated by measurement of hardness changes occurring
during isothermal aging in the 700* to 1000*F temperature range. The
purpose of this study was to determine the character of the precipita-
tion sequence and establish the lower time-temperature limits to achieve
a microstructure that would remain stable during heating rate tests and
short-time elevated temperature tensile tests at temperatures up to
10009F.

Hardness changes corresponding to isothermal aging times at tem-
peratures from 700* to 1000SF are shown in Figure 1. Each point on
these curves represents the average hardness change determined from five
Rockwell C hardness readings on three separate 1/2-inch square samples
before and after isothermal aging. The scatter in the readings was
t,1.0 Rockwell C for the mill annealed sheet and ±0.5 Rockwell C after the
isothermal aging,
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Two major hardening reactions are evident from the plateaus in the
hardness change-time curves for the 700Q to 850'F temperature range.
At higher temperatures only one hardening reaction is evident. The
initial minor hardening reaction evident for aging times between 0.1 and
1.0 hour at 700*F and 750*F has been attributed to carbide precipita-
tion [9, 10]. According to Peters and Cupp [10], the initial major
hardening reaction results from increased molybdenum supersaturation
caused by the presence of cobalt in the steel. The higher supersatura-
tion at lower temperatures provides the necessary driving force for
simultaneous nucleation of an unstable molybdenum intermetallic matrix

precipitate along with the stable dislocation-nucleated Moo3 Ni precipi-

tate. Although other precipitates are involved in the maraging reactions,
their contributions to the significant hardening reactions are apparently
minor and, therefore, will not be considered here. Extended aging in
the 7000 to 850*F temperature range results in thermodynamic instability
of the matrix-nucleated precipitate. The nuclei dissolve and are sub-
sequently reprecipitated in the form of the stable dislocation-nucleated
precipitate.

Arrhenius plots of the time to reach hardness maxima for the two

hardening reactions are shown in Figure 2. Activation energies associated
with these reactions were determined from the slopes of these plots, The

activation energy for the initial hardening reaction was 26.5 kcal/mol.
The activation energy for the second hardening reaction was 41 kcal/ttol
for the 700* to 800OF temperature range and 46 keal/mol for the 850'. to
1000"F temperature range. The higher rate of the second hardening reaction
at temperatures below 850*F and the transition to a lower reaction rate
at approximately 850OF as well as the disappearance of the first harden-

* ing reaction at approximately 875*F are evident from Figure 2. Thei
activation energies associated withi the second hardening reaction com.

pare favorably with values of 45.3 kcol/mol obtained in internal friction
measurements on an 18Ni-6Co-Sfo-O.2Ti alloy 111 and 42.8 kcal/mol
obtained from electrical resistivity Moasurmownts OIL a cowmercial.l.-i
maraging steol [ 101.

(2) Pre"cipitateStabilty and Revesion. Te short-time o
elevated temperature stability of the hardening precipitates wao deter-
mined in isothermal exposures of from 1 second to I hour at temperatures

•50*F and 100*F above the.initial aging twperature. Short isothermal
exposures. of I to 300 seconds after heating to the exposure temp)erature.
within 10 seconds were accomplished in a quartt-lap radiant heati - ,
furnace. Longer eoxposures wore made ill a heat treatiig furnace. Hard-
ness changes corresponding to isothermal exposures at tuperatures of
.50F alnd 1O0eF above the initial aging temperature for aging conditions
considered for this study are show., in Figurc-s 3 through 6. Eaceh data

,.- ......... point in those figures represents the average hArdtess changd deterwined
r om five Rocekwell C hardness roadins on two separate samplos.

• . . . .
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A comparison of the stability of the precipitates from the initial
hardening reaction (2-hour age) and those from the second hardening
reaction (8-hour age) at 800*F during subsequent exposure at 900'F
is shown in Figure 3. The hardness of the samples aged at 8004F for
2 hours decreased 4 points Rockwell C during the first 10 seconds at
900*F and then begant to increase so that after approximately 10 minutes
the initial aged hardness was recovered. Longer exposures at this tem-
perature result in a further increase in hardness as precipitation of
the stable precipitate continues. The hardness of samples aged at 800*F
for 8 hours remains relatively stable during a 1-hour exposure at 900'F
indicating that the precipitate from the second hardening reaction
remains stable during this exposure.

Similar hardness reversions and recoveries are also evident for
the initial precipitates formed during aging at 8504F during subsequent
exposure at 9004F and 950OF (Figure 4). Samples exposed at these tem-
peratures after aging at 850*F for 3 hours, which corresponds to a point
bazween t!he two hardening reactions on the 850'F isothermal aging hard-
ness change curve (Figure 1), show an initial hardness reversion of
slightly over 1-point Rockwell C. This slight hardness reversion is
recovered after approximately 200 seconds at either of these exposure
temperatures (Figure 5). The hardness of samples given the standard
3-hour, 900*F aging treatment is stable during exposures of at least
I hour at 9504F and 10 minutes at 10004F. After 10 minutes at 1000'F,
hardness begins to decrease as overaging occurs (Figure 6).

These observations confirm the metastability of the initial pre-
cipitate nucleated during aging at temperatures below 850*F and the
stability of the second precipitate nucleated at these temperatures.
It is apparent that the strength of material aged for insufficient
time to obtain the stable precipitate at lower aging temperatures could
be lower for short exposures than for long exposures in the 9000 to
10000F temperature range. It is also possible that a strength reversion
caused by the metastable precipitate could also adversely affect the
heating rate dependence of this steel in rapid heating tests with con-
current constant loading.

b. Test Specimens and Heat Treatment

Pin-loaded tensile specimens were machined from the will-
annealed sheet with the 0.500 inch wide, 2-inch gage length oriented
parallel to the final sheet rolling direction. Since it is well docu-
mented (5-73 that aging the 18Ni maraging steels at temperatures below
850*F results in mechanical instability of these steels, the lowest
aging temperature considered in this investigation was 8504F. The
maraging kinetics and precipitate stability studies previously described
indicated that a 3-hour, 8504F aging treatment would be the minimum
"treatment that could be used with the experimental material to insure
development of adequate stability for engineering application and also

12
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allow Lhe retention of some degree of metastability of the- microstructure.

This aging treatment and the standard 3-hour, 900°F aging treatment were
usead in this investigation. Both aging treatments resulted in 0.2 per-
cent offset:tensile yield strengths of approximately 300,000 psi.

c. Test Apparatus and Test Procedures

All mechanical testing was performed with an MTS closed-
loop electrohydraulic testing machine with loading rates and levels
under program control. Strain measurements were obtained with a clip-
type strain-gage extensometer positioned to record changes in displace-
ment between specimen grips. A 22.5 KVA low-output voltage transformer
provided the high electrical current for resistance heating of the test
specimens in the heating rate test procedure. An RI Controls three-zone
quartz-lamp radiant heating furnace under manual control was used to
obtain rapid uniform heating and maintain a uniform isothermal tempera-
ture o the test specimens in the short-time elevated temperature ten-

J• • sile test procedure. Both heating methods were adjusted to obtain a
uniform temperature within the center 1-inch section of the specimen
gage length with temperature variations of less than 15*F during heating
and less than 10'F under isothermal conditions. Steep temperature
gradients between the isothermal zone and the ends of the specimen gage
leiLgth re -ricted plastic deformation of the test specimen to the 1-inch
uniform temperature zero.

Temperatrres were moritored at 0.5-inch intervals along the 2-inch
gage l-.gta- with 30-gage %romel-alumel thermocouples percussively
weided to the test "pecimen. A drop of ceramic cement shielded the hot
junctions of the thermocouples from direct radiation when radiant heating
was used. Comparison of the temoerature indicated by the surface thermo-
couples with that indicatLed tj a thermocouple embedded at the center of
thickness of a calibratioa test specimen indicated a through thickness
temperature gradient of up to 25'F during radiant heating, which
docreased to less than 10oF aft'2r a 10-second isothermal soak at tem-
peratures used in this investigation. Output voltages of the thermo-
couples were recorded as a function o'. time with appropriate strip-
chart recorders in the short-time elevated temperature tensile test
procedure. The output voltage of the thermocouple located at the center:
of the specimen gaga length was recorded on the Y-axi. of an X-Y recorder
with elongation recorded on the X-ax4 s to obtain temperat,!re-elongation
curves in the heating rate test prouedure.

(1) Heating Rate Test Procedure. The specific heating re
test procedure consisted of applying th. required tensile loading within 1 r.ýcond
and initiating resistance heating 7 seconds after the load was applied, Nominal
heating rates of 50% 100% and 400*1'/sec with stress levels of 25, 45, 63, 75,
and 85 percent of the room temperature yield strength of the material

13
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determined in a 4000 psi/sec constant loading rate tnesile test, were
used in this investigation. Temperature-elongation curves recorded with
the X-Y recorder show an initial, approximately linear increase in elonga-
tion with increasing temperature due to thermal expansion and decrease
in the elastic modules with increasing temperature. When the temperature
reaches a level at which the material can no longer sustain the imposed
load without deforming plastically, elongation increases at a more
rapid rate with increasing temperature as plastic deformation proceeds
to failure.

The temperature at which plastic deformation begins for a given
load may be considered as the proportional limit temperature because
this temperature on the temperature-elongation curve is analogous to the
proportional limit on the stress strain curve. A 0.2-percent offset
yield temperature can be determined from the temperature-elongation
curve by drawing a line parallel to the linear portion of this curve at
an offset equivalent to 0.2 percent strain. This yield temperature is
analogous to the yield stress on a stress-strain curve.

It is also possible to obtain an ultimate temperature, which corre-
sponds to the initiation of necking in the test specimen, from the
temperature-time curves recorded with strip chart recorders. If a
thermocouple junction is located in an area of the specimen experiencing
localized necking, a sharp increase in temperature is indicated by this
thermocouple due to localized heating as the cross-sectional area of
the specimen decreases. Thermocouples positioned outside of the necked
area indicated a decrease in heating rate since resistive heating is
concentrated in the necked area of the specimen. The temperature at
which these discontinuities occur in the temperature-time curves was
taken as the ultimate temperature.

The errors associated with the determination of the proportional
limit, yield, and ultimate temperatures were related to the difficulty
in determining these values from the temperature-elongation and
temperature-time curves. It is estimated that the maximum error involved
in determining the yroportional limit temperature was ±15F. The maxi-
mum error involved in determining the yield and ultimate temperatures
was klOF.

(2) Short-Time Elevated Temperature Tensile Test
Procedure, The specific procedure for the short-time elevated tempera-
ture tensile tests consisted of heating the test specimens to the appro-
priate temperatures within 10 seconds followed by a 10-second isothermal
soak at temperature before initiating loading. Loading rates equivalent
to constant stressing rates of 4000, 40,000, and 400,000 psi/sec were
used at temperatures of 75* 400*$ 600, 800%, 1000',.and 1200*F. Load-
elongation curves were obtained with an X-Y recorder and the propor-
tional limit, 0.2-percent offset yield, and ultimate stresses were
determined for each test condition.

14
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Constant loading rates rather than constant strain rates were used
in this investigation to obtain strain rate variations luring the test
that are comparable to those in the heating rate tests. With a constant
loading rate, the strain rate remains essentially constant to the onset
of plastic deformation and then increases rapidly at an increasing rate
determined by the plastic deformation characteristics of the material in
the plastic deformation characteristics of the material in the plastic
strain range. In the heating rate test procedure, the strain rate is
essentially constant during heating until plastic deformation is ini-
tiated and then increases in accordance with the creep characteristics
of the material. Constant loading rate tests also offer a more realis-
tic simulation of structural loading conditions, because constant loading
rates are often encountered in structures whereas strain rates are
seldom constant during both elastic and plastic deformation of a
structure.

3. Results and Discussion

a. Heating Rate Tests

The effects of applied stress, heating rate, and aging
treatment on the proportional limit,yield, and ultimate temperatures
of the 18Ni (300) maraging steel used in this investigation are shown
in Figures 7 through 9. A linear relation between these temperatures and
the logarithm of the heating rate exists for all test conditions. No
inversion in heating rate dependenze or significant negative heating
rate sensitivity of these temperatures was indicated for either aging
treatment. The very slight inversion in the heating rate dependence
of yield temperature at the 65-percent of room temperature yield stress
level for material aged at 850'F is within the temperature measurement
scatter and is therefore considered to be insignificant. Heating rate
dependence and heating rate sensitivity are generally lower for stresses
equivalent to between 45 and 75 percent of the room temperature yield
stress. Because the proportional limit, yield, and ultimate temperatures
for these stress levels occur between 600 0FandllO00F, it appears that
the temperature at which plastic deformation is initiated during the
heating rate test procedure determines the heating rate dependence and
sensitivity. The two aging treatments did not significantly affect
the heating rate dependence and sensitivity.

The fact that aging treatment does not significantly affect the
Sheating rate dependence and sensitivity of this steel even when a

metastable precipitaLe coexists with a stable precipitate, as is the
case for the 3-hour, 850*F aging treatment, indicates that precipitate
instability is not involved in the heating rate dependence of this steel
at temperatures below 1000*F. Since heating rate dependence and sensi-
tivity tend to be low at temperatures between 600OF and 1000F, it
appears that the cause for this behavior may be the same as that for the
negative strain rate dependence of anl8Ni (300) maraging steel at
600*F [4].

15
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The return of significant heJating rate dependence of the propor-
tional, yield, and ultimate temperatures above 1000*F was initially
thought to involve reversion of the aged martensite to austenite. Sub-
sequent X-ray diffraction analysis of areas adjacent to fractures
obtained at these temperatures did not reveal any significant amount of
austenite so the heating rate dependence at these temperatures is
apparently related to recovery effects of overaging phenomena.

b. Short-Time Elevated Temperature Tensile Tests

The effects of loading rate and aging treatment on the
elevated temperature proportional limit, yield stress, and ultimate
stress for this steel are shown in Figures 10 through 12. A linear
relation exists between these properties and the logarithm of the
loading rate for the 750 to 1200*F temperature range. At room tempera-
ture, strength increases with increasing loading rates. As the test
temperature is increased through the 400* to 600'F temperature range,
loading rate sensitivity decreases resulting in a transition from a
positive strength dependence on loading rate to a negative dependence
with streugth decreasing with increasing loading rates. These results
are consistent with those in elastic strain rate (constant loading
tests reported by Kendall [4] on 18Ni (300) maraging steel from room
temperature to 6000F.

An inverse strength dependence on loading rate was evident through-
out the 6000 to 1000°? temperature range, while loading rate sensitivity
remained essentially constant. As the temperature was increased above
1000F, the loading rate sensitivtty increased and the loading rate
dependence of strength because positive. This iinversion in loading rate
sensitivity is apparently related to overagitng phenomena including the
reversion of aged martensite to'austenite. X-ray diffration analysis
of areas adjacent to fractures obtained in tests performed at 1200F.
indicated a.significant increase in austanite occurred during th.se•": " ~~testS, +" ..

CO c.- )arts-on of Yield and Ultimaote St•roses Obtained i,
the TwoTetodus

Yield stresses,: defined as those streses tt which yield
temperatures occur i.lL ite heating rate test procedure, are comparedwith yield. stresses obtained in the short-t.tim elevated temperature
tensile tests in Figures 13 and 14 for the 8501F and 9OO'1 aginls treat-
wotenc. Correspohding. ultimate str "ses, are. compared in Figures 15
and 16.

"It is apparent that at LeMperatures tabove 600"F, yield streossw4
obtained in the leati• :rate test procedure ore sigoificxntly lo',er than
tiwse obtained .iln the tensile tests for both aging treati s, ts .The
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difference between the respective yield stresses becomes greater with
increasing temperature. with the difference increasing from approximately
10,000 psi at 700*F to 40,000 psi at 1000*F. Ultimate stresses obtained
in the heating rate tests were generally lower than those obtained in
the tensile tesLs at temperatures above 600*F. The most significant
difference in the ultimate stresses obtained in the two test procedures
occurred in the 7000 to 900°F temperature range. Between 900OF and
1000°F for the 850OF aging treatment and between IO000F and 11000F for
the 900°F aging treatment, the difference between the ultimate stresses
obtained in the two test procedures decreases while the difference
between the yield stresses increases significantly, indicating that
creep is occurring in the heating rate test procedure-in these tempera-
ture ranges.

Aging treatments used in this investigation did not significantly
affect the yield stresses of this steel in the tensile test procedure.
In the 6000 to 900°F temperature range, the yield stresses of material
aged at 850*F were slightly lower, generally less than 15,000 psi, than
those of material aged at 900°F. This behavior is related to the
slightly increased elevated temperature stability derived from the
higher temperature aging treatment. The aging treatments had even less
influence on the results of the heating rate tests with the yield stress-
temperature curves being essentially identical for the two aging treat-
ments. The 900*F aging treatment did increase resistance to creep to
some extent in the 9000 to 1100OF temperature range.

d. Comparison of Load-Carrying Ability in the Two Test
Procedures

Comparisons of the load-carrying ability of this steel
for the two test procedures are shown in plots of time to the yield
stress and to the ultimate stresses at selected temperatures. Compari-
sons for the yield stresses at temperatures of 4000 F, 600*F, 800*F, and
1000*F for the two aging treatments are shown in Figures 17 and 18.
Similar comparisons for the ultimate stresses are shown in Figures 19
and 20, The time scale in these figures refers to the elapsed time
between initiation of loading and attaining the yield or ultimate stress
in the tensile test procedure. Times to yield or ultimate stress for
the heating rate test procedure was taken as the elapsed time from ini-
tiation of beating to reaching the yield or ultimate temperature.

The procedure for obtaining the load-carrying ability for the
tensile test procedure consisted of determining the time required to
attain the yield or ultimate stress for each loading rate and test tem-
perature. These data were plotted as yield stress or ultimate siress
as a function of time for temperatures of 400%F, 600%F, 800F, and
10000F. Graphical cross-plotting techniques were used to obtain the
load-carrying ability for the heating rate test procedure for comparison
with data from the tensile tests. The heating rate test data were first
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plotted in the form of constant stress curves showing the yield and
ultimate stresses as a function of heating time. Values obtained from
the constant-time intercepts of these curves were used to cross plot
stress as a function of temperature for times of 1. 10, and 100 seconds.
The stress-time intercepts on these curves were used to plot stress-
time curves for temperatures of 4000 F, 6000 F, 800*F, and 1000*F for com-
parison with those derived from the tensile test data.

Load-carrying ability for the heating rate test procedure decreases
with elapsed time at all temperatures, while the load-carrying ability
for the tensile test procedure decreases with time at 400*F, but
increases with elapsed time at 600OF, 8000F, and 1000*F. Load-carrying
ability is generally greater for the tensile test procedure than -for
the heating rate test procedure with the exception that the load-
carrying ability based on the ultimate stress is greater for times of
less than I second in the heating rate test procedure at600'F and 1000F
for the 900*F aging treatment and that the load-carrying ability based
on both the yield and ultimate stress is greater for times of less than
2 and 8 seconds respectively in the heating rate test procedure at
6G00F. The load-carrying ability determined from the tensile test pro-
cedure for 800*F is higher than that for the heating rate test procedure
for 600*F for times greater than 60 seconds for the 950*F aging treat-
ment and for shorter times for the 900*F aging treatment. These results
indicate that the load-carrying ability of this steel under a given
sequence of heating and loading cannot be ptrdicted from tests con-
ducted under a different sequence of heating and loading even though
the times aad temperatures under heating and loading are the same,

-o, Strain Rate SensitVit �and Strain Rate Inv rSion

Strain rate sensitivity of a material denotes variation,
. of mechanical properties with the rate of deformation. It is defit.ed

quantitatively as tale. ratio of the increwelts of the logarithm of stress-
and tihe logaritla of strain ratoe at a given strain, Strain rate senoit
tivit-y can be studied .qwantitatively by. many types of waeettnical tests.
but thle easiest tests to interpret are those in )dhieh. a edy-state
condition ou plas.ic flow is disturbed by a sudden change in load or
strain rate so that .the resulting atress change Is due antirely to thle
rate change and not partly due to strain hardening. W•hen. this type of

. eipearimntal data ts not available, it is possible to obtain •a apparent
strain rate sensitivity by cross plotti•g strength Values for a #prtieu-.

tar plastic strain obtained ior various strain.rates..

-The apparent strain rate sensitivity determined in this manner
depends on the nature of metallurgical stability affecting the strain
" . " hardening araceitiuc~s of the msaterial,. Under conditions where
recovery occurs, the apparent strain rate sensitivity is higher than the
true strain rate sensitivity, Whah stra&• 09 ai occuts, the apparenit

attain rate seanitivity is lover th"n the tud asttaal rate se80itivity.
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The apparent strain rate sensitivity of a material is a highly sensitive
measure of the metallurgical stability of the material and therefore

Swould appear to be the more important parameter for the analysis of the
rate sensitive mechanical behavior of a material in engineering
applications.

To obtain the apparent strain rate sensitivity of l8Ni (300)
maraging steel from the constant loading rate tensile test data at the
various test temperatures, the average strain rate between 0.05 and 0.2
percent offset plastic strain was taken as the plastic strain rate for
each test condition. The portions of the stress-strain curves involved
in the plastic strain rate determinations were essentially linear over
this strain range. The 0.2 percent offset yield stresses plotted as
a function of the logarithm of the plastic strain rates for the test
temperatures and aging treatments used in this investigation are shown
in Figure 21. A linear relation between yield stress and the logarithm
of plastic strain rate exists for all test conditions. This is the
same relationship that has been observed at low temperatures for unaged
1&Ni raraging steel martensite by Leslie and Sober 113] and at tempera-
tures from room temperature to 600*F by Kendall [4] for aged 18Ni (300)
maraging steel. These plots show essentially the same strain rate
dependence characteristics as the elastic strain rate data of Kendall
jot ¢he room temperature to 600*F range and are essentially analosous
to the loading rate plots for teperatures to 1200'F described previously.
in this report.

The apparent strain rate sensitivity defined as. the logarithm of
the ratio of the yield strosses for the highest. and lowest strain rates
divided by the logarithm of the ratio of the corresponding. plastic
strain rates was determined for each test temperature. The effect of
temporture on the apparent strait. rate s•en•itivity of this steel i,
- hown in Pigure 22. The decre-36e in the apparent strain rate Sensitivity
of this Steel betwed.400t1 and W000 along with the negative values for
this parameter in the 500' to 1000*F range results in an .inversion i'-
the strain rate dependwne of yield strtss in vtis iteperature rang..
These factors are indicative of 4rýtnai strain aging LA this tpcra-
turd rengc,

"t. $...v~ tri Aip

Strain aging is genvr•ally defiteod ac a titn-dep#ndent
change in-pgoperties Uhich resats. from a sequence of pl.ttie, trainin.

.'- and.aging. Since strain ging can be explaiind in tetua oi dislotation
* pinoing by diffusing Impurity atos 12), tht kinetict of the process

sthould depend largely on tht difuson ratesuof the imrity .item.
,.. by tc strait Aging occurs *oen the diffusion rate of dis.toved impurity

* acots becomos high enough so that pitning of isbile dislocations occurs
during plastit deforution. Ad A result, strin Aging. pheOw na nay. "
occur siSaalcaulsy Vith defoumation at appropriate temperatures.

30
2



.e4

60

69 is

is" IniM

344



0.1I * -

S0.01

I., AGEO Wd$.3~
OAOED WOOF, 3to

04

-O'@t
of LidAU~ l



Dynamic strain aging manifests itself in one or more aspects including
discontinuous vielding, Abnormal'_-ly stra rate
work hardening rates, peaks or plateaus in flow stress-temperature
curves, and ductility minima in most metallic materials.

Owen and Roberts [14] have observed that interstitial carbon atoms
promote dynamic strain aging in iron-nickel martensites containing at
least 18-weight percent nickel and more than 0.003-weight percent carbon.
Steigervald and Hanna [15] have also presented evidence that dynamic
strain aging occurs in 18Ni maraging steel and several other high,-
strength steels in the 3000 to 80OIF temperature range. Dynamic strain
aging in both the iron-nickel martensite and the aged martensite of the
18ti maraging steel have been attributed to dynamic Cottrell.
interactions [16).

Dynamic strain aging resulting from Cottrell dislocation pinning by
diffusing interstitial atoms can also account for the anomalous strain
rate sensitivity and inverse strain rate effects observed in this investi-
gation. When the strain rate is increased in the t=±perature range In
which dynamic strain aging can occur, lesst ime is available for dif fu-
siot of impurity atom to -occur during detoration thus reducing their
-effectiveness in pinning dislocations, This rtesultw in a decrease in
strain-hardening which allows yielding to occur at lower stresSes in
this ttmperature. range.. Tito effect of dynamzic setrain aging on the
iti anit~cal behavior of lSNi (300) aragtng• .steel depends upon the tem.
peratur" within the 500 to 1000V teqporaure rane, ttt strai rate,

adthe annxt of iqmprity atoms availablein -te -*Artent atrix'.

C1illit [171 has praposed Oat the impurity diffusion _•.hmds
cannot espisina thve physicil mecanism underlying invorse * train race4
of facts, fie h#.s proposed -that the JhsrGimnthtory of Y.ie-lding 183,
which -predicts thAt flow. stress at a .&givos strain -=st invure-Aso with
inCrarning st-rain rate, i% conjunc~tion Vitih str&ON induced Stroettifli
instability theory. of Mortis 19).,. pdic prhadict••s ch stee prtvipi-
tattio occurs prior to ytldidg with the wwuft ot prectpitation depend.-
tug inversgly on the stratin race, proVtides the physical basis for ~wadsc
-strain rice effcts., This theory aec~iteý'lr for thed chaw;ge4 fr"tom ' Iowt
strain ravte deptindvenc oil otrength observed at I'* and very hiontig traint
rate# t4 Wvrte StrSti rite tomdgpeidte at istItmtdiato. Otrat) 't•-
observed for AanUn&* of gaterIts

Stoeietvad -and senna f 13) .havae Proposed that. it --peipi t•itn•
eceors daring tensile1 tcore tn tho stvain agiog t eaturo range, the
precipitiaoe hould also influet the tctaftcal propertie s't aother
.eeerautor. folloing prtrain•tig int this etperatutr raouc. An
"ttautwt as made to tei this hytoueids tor the dyfaic trait ag•ig
otf this sttel. Duplicate teot spectet nveto presttnlted 0. pPent, t
at Wit At eoah of th* thtee loading tatces used in this investigation.
, e speIatas were rapidly cooled in a water spray t4 tested: iaed-iaely
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17.1
upon reaching room temperature at a loading rate corresponding to
4000 psi/sec. No significant changes in yield or ultimate stresses
were observed after these prestraining treatments. I

While the results of this experiment do not provide conclusive

evidence that precipitation does not occur during strain aging, they do
indicate that any precipitation that may have occurred in these short-
time tests does not significantly affect the subsequent room temperature
mechanical behavior of this steel. The results of stress aging investi-
gations of Harrington (17] and Wright [18] appear to support the theory
that precipitation occurs during deformation of maraging steel in the I
strain aging temperature range. They found that significant increases
in the room temperature yield stress of both l8fN (250) and l8Ni (300)
maraging steel can-be obtained after prestraining under constant stress .for times of 15 minutes to 4 hours in the 600" to 9006F temperatute

range. The results of these stress aging studies would appear to support
the theory that significant solute precipitation occurs in these stcels
during deformation in the strain aging temperature range, prov•ded

4 deformation rates are low and deformation tims are suff•iciently- long.

The, results,, of this investigation indicate tut the elevated- tw-
pterature dynamic st-rain oging effects ia LM4 (300) =araging, steel .

oserved in hodrt-tile test procedures arce a uque zulnction of theo
t'" "rature rageg in d ihich sufficient itoersditial Wobilit -- rOises",
This would indtcat that-the impurity diffusion theory of fero the beit
descrivtion for the st'rAin rate sensitivity and i#ere;train% rate
ofects abserved d-uring s ort-Eioe ele-vated tomporature tests on this
steel I tM is also aptpared that thedynLtc str •traw agi efgfets are
unliquoly asoiae ith the morteensice, matri% arid dbo ot iuvvlve an
instgzbility of the inaealctwepcei ormed durit- the atting
of thid stvet for 3 huo- -it either- 65OF oar 9WOdF.A

A :Ine'r rt ion ists bnvcot th strength of 1&1 (300)
za stel 40d the 1sgarith. of the heAtisl rAte and lajding tr4a .
tor oll toot conditions used In this invesitlaiun. Alhuhthem heatin
rAto sntityOf Uris steel i.4 very Laut i4t atresses, retsult-ing in j
plastic de mtiortae and tnituin iso thed 60.0 to 1"OO1 teor4otaturd. rafttg
no tegative heatin rate depenOdo-oe uwas evident A# itversicn in th
loadiog r ite dpendeco of Otis stuel oecatst ba-ten 4004F %id 600'F
vith strengtht deceaitig 4o leading rikte Itat-da"ss. R kelativaly Lou
ntegativ alues At'to loadin~g rate ot seWlin ar sesnviuvy resulteýd ini

ivreloadinga race deceadonce thraughuout tU4 .600 to I000' teujoeacure

Vth invorse loadiag rate or strain rdte dependentce, and the low
beawting4 rice dependencet at this steel iW the 6O0' to W00'OOF toeAidersLtar

rsage Are accrtibocd to dya sri aig The shotur tiabs .1
'lop



available for diffusion of interstitial atoms to dislocations as heating
or loading rates increase reduces the effective pinning of these df-slo-
cations and thus reduces strain-hardening which results in a tendency
toward decreasing strength with increasing heating or loading rates.
Thebe dynamic aging effects are related to the amount and mobility of
impurity atoms available in the martensite matrix, as well as the tem-
perature and loading or heating rate. Dynamic strain aging is associ-
ated with the martensite matrix and does not involve any instability of
the intermetallic precipitates formed during aging of the steel.

Yield strengths obtained in the heating rate tests are considerably
lower than those obtained in the short-time elevated temperature tensile
tests at temperatures above 600*F. This behavior is attributed to the
difference in loading conditions in the two test procedures with respect
to dynamic strain aging effects at temperatures below approximately
1000*F and to creep occurring in the heating rate tests at higher tem-
peratures. The return of positive heating rate and loading rate
dependence at temperatures above 1000'F results from increased rate
sensitivity associated with recovery effecLs related to overaging phe-
nomena with reversion of niartensite to austenite also involved in the
loading rate sensitivity in the tensile tests.

Aging treatments required to obtain a coexisting metastable pre-
-ipitate and stable pxecipitate (850*F for 3 hours) and to obtain a
stable precipitate (900*F for 3 hours), as determined from maraging
kinetics and precipitate reversion studies in this investigation, did
not significantly affect the heating rate or loading rate dependence
of this 18Ni (300) maraging steel. The 900'F aging treatment did result
ii slight improvement in yield strength in the 6000 to 900OF temperature
range in the tensile tests. These aging treatments had even less influ-
ence on the yield strength in the heating rate tests with the yield
stress,,temperature curves being essentially identical for the two aging
treataents. The 900*F aging treatment did result in a slight increase
in resistance to creep in the heating rate tests in the 9000 to 1100OF
temperature range.

The load-carrying ability of this steel is generally greater in the
tensile test procedure than in the heating rate test procedure based on
equal time under load in the 4000 to 1000°F temperature range. Load-
carrying ability for the heating rate test procedure decreases with
elapsed time at all temperatures between 400OF and 1000.F, while load-
carrying ability for the tensile test procedure decreases with time at
400F, but increases with time at temperatures of 6000 to 1000F. It
"is apparent that it is impossible to predict load-carrying ability of
this steel for a specified sequence of heating and loading from a dif-
ferent sequence of heating and loading even though times and tempera-
tures under heating and loading are the same.

38.
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It is apparent that the utilization of strength data obtained in
elevated temperature tensile tests on 18Ni (300) maraging steel at tem-

peratures above 6000F could result in nonconservative design criteria
for a solid propellant missile motor case or other structure in which 4
loading and heating parameters correspond to those used in the heating
rate test procedure. The influence of loading rate or strain rate on
the mechanical behavior of this steel in conventional or short-time
eleVated temperature mechanical tests must also be considered for

i* material selection or-mechanical design applications since changes in
the strain rate dependence of strength could be significant in many
elevated temperature structural applications.
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