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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-
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 [4]
for 18Ni (300) maraging steel at 600°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°F, the detrimental
effect of aging at temperatures below 900°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°F results
in the formation of an unstable matrix precipitate along with stable
dislocation-nucleated precipitates. On heating to 900°F, the unsgtable
precipitate discolves in solid solution and is subsequently precipi-
tated in the form of the stable precipitate, This reversion process is
known to cause a rapld momentary decrease Ir hardness, which is
recovered as isothermal nucleation of the stable precipitate proceeds.

It is apparent that the loading-heating scquence used in the
heating rate test procedure could significar.-?< .affe~t the mechanical
behavior of these steels. The additional strain energy supplied by the
applied stress could influence the stability of the martensite matrix
and the intermetallic precipitates during heating at temperaturcs below
the prior aging temperature., This could result in significant deviation
from the mechanical behavior of thesc steels observed in conventional
elevated temperature mechanical tests,
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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 1200°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

¢) 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 i

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 achleve
a microstructure that would remain stable during heating rate tests and
short-time elevated tempcrature tensile tasts at cemperatures up to
1000°F,

Hardness changes corresponding to isothermal aging times at tem-
peratures from 700° to 1000°F arve shown in Figure 1, Each point on
these curves represents the average hardness change determined from five
Rockwell C hardness rcadings on three separate 1/2-inch square samples
before and after isothermal aging., The scatter in the rcadings was
41,0 Rockwell C for the mill annealed sheet and 30,5 Rockwell C after the
isothermal aging.




, *19938 SuySexrm
(00£) TN8T Fo SurSe femasyjzosy Suranp saSueyo ssaupaey uwo smy3 3uide jo OWIRIIUY 1 0.».5.&.%&
(u)IWIL | B .
005 0oL 0oL ot , 10 100 v 5
i1 | ::____ l IR I B RE UEARE R o : i
400001 —@— — — s
45056 — =9 — — o o U -
o 3
w 2
“.,
2
SL
2
B
:
-3
3
-

i




G e
w o L

Two major hardening reactions are evident from the plateaus in the
hardness change-time curves for the 700° 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 MosNi 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 700° 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 associlated
with these reactions were determined from the slopes of these plots, The
activation enexgy for the initial hardening reaction was 26.5 keal/mol,
The activation energy for the sccond hardening reaction was 41 keal/mol
for the 700° to 800°F temperature range and 46 keal/mol for the 850° to

1000°F temperature yange. The higher rate of the sccond hardening recaction -

at temperatures below 850°F and the tramsition to a lower reaction rate

at approximately 850°F as well as the disappearance of the first hardcn-“f”“'

ing veaction at approximately 875°F are evident from Figure 2. The

- aetivation energics associated with the second hardening reaction com=

pare favorably with values of 45.3 keol/mol obtained in internal friction
measurcments on an 18Ni-6Co-5Mo=0.2T1 alloy {11] and 42,5 kcal/wel =

.“obtained frem electrical resistivity measuremonts on a_comme:cialulasi~ :fL"
maraging steel (10}, . T L - A

(2) Precipitate StaﬁilieF hnd_ﬁcveisian. thaﬁshort-cime'

clevated tomperature stability of the hardening precipitates was detor-

mined in isothermal cxposures of from 1 second to 1 hour at temporatucas

50°F and 100°F above the initial aging temperature, . Short isotheswmal

exposuries of 1 to 300 scconds after hesting to the exposure tamperatuxe

.- within 10 soconds were accomplished in a quartz lamp radiant heating
“fugnace. Longer oXposurcs were made in a heat treating. furmace, Hard- -
. ness changes corrvegsponding to isothorwmal exposures at temporatures of

S0°F and 100°F above the initial aging temporature for aglng conditions

considered for this study ate shown in Figures 3 through 6, Euch data

point in these figures represents the aveérage havdiuess ciange determined
from five Rockwell € hardnoss readings on twe separate samples, S
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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 subscquent exposure at 900°F
is shown in Figure 3. The hardness of the samples aged at 800°F for
2 hours decreased & points Rockwell C during the first 10 seconds at
900°F and then begai to increase so that after approximately 10 minutes
the initial aged hardness was recovered., Longer exposures at this tem-
perature recult in a further increase in hardness as precipitation of
the stable precipitate continues. The hardness of samples aged at 8CO°F
for 8 hours remains relatively stable during a l-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 850°F during subsequent
exposure at 900°F and 950°F (Figure 4)., Samples exposed at these tem-
peratures after aging at 850°F for 3 hours, which corresponés to a point
beiween tue two hardening reactions on the 850°F isothermal aging hard-
ness change curve (Figure 1), show an initial hardness reversion of
slightly over l-point Rockwell G, This slight hardness reversion is
recovered after approximately 200 seconds at either of thece exposure
temperatures (Figure 5), The hardness of samples given the standard
3-hour, 900°F aging treatment is stable during exposures cf at least
1 hour at 950°F and 10 minutes at 1000°F, 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 strangth of material aged for insufficient

time to obtain the stable precipitate at lower aging temperatures could
ve lower for short exposures than for long exposures in the 900° to
1000°F 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 mill-
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 [5-7] 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 850°F. The
maraging kinetics and precipitate stabllity studies previously described
“indicated that a 3-hour, 850°F aging treatment would bte the minimum
treatment that could be used with the experimental material to insure
developmant of adequate stability for engineering application and &lso
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allov the retention of some degree of metastability of the microstructure,
This aging treatment and the standard 3-hour, 900°F aging treatment were
usad in this investigation. Both aging treatments resulted in 0.2 per-
cent offset: tensile yield strengths of aporoximately 300,000 psi.

C, Test Apparatus and Test Procedures

R R i R it

All mechanical testing was performed with an MTS closed-

leop 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 Contrcls three-zone '
quartz-lamp radiant heating furnace under manual control was used to

obtain rapid uniform heating and maintain a uniform isothermal tempera-

ture ol the test specimens in the short-time elevated temperature ten-

sile test procedure, Both heating methods were adjusted to obtain a

uniform temperature within the center l-inch section of the specimen

; ‘ gage length with temperature variations of less than 15°F during heating
G and less than 19°F under isothermal conditions. Steep temperature

gradients between the isothermal zone and the ends of the specimen gage
“leugth re .ricted plastic deformation of the test specimen to the l-inch
f .~ uniform temperature zero. ‘
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Temperaturres were moritored at 0,5-inch intervals along the 2-inch
gage li agth with 30-gage ‘“iromel-alumel thermocouples percussively :
welded to the test <pacimen, A dxop of ceramic cement shielded the hot N
{ junctions of the thermocouples from direct radiation when radiant heating :
! was used, Comparison of the temperature indicated by the surface thermo-
i couples with that indicatud b, a thermocouple embedded at the center of i
) thickness of a calibration test specimen indicated a through thickness
! temperature gradient of up to 25°F during radiant heating, which
é .

{

decreased to less than 10°F after a l0-second isothermal soak at tem-
peratures used in this investigation, OQutput voltages of the thermo-
couples were recorded as a function ol 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 gage length was recorded on the Y-axi . of an X=Y recorder
with elongation recorded on the X-ax's to obtain temperat"re-elongation
curves in the heating rate test procedure,

3 i . (1) - Heating Rate Test Procedure, The specificheating e

] - -test procedure consisted of applying th. required tensile loading withinl sacond
E . and initiating resistance heating 2 seconds after the load was applied, Nominal
i heating rates of 50°, 100°, and 400°k/sec with stress levels of 25, 45, 65, 75,

;5 ard 85 percent of the zroom temperature yield streugth of the material
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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 cam 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 gpecimen. 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 vroportional limit temperature was +15°F, The maxi-
mum error involved in determining the yield and ultimate temperatures
was :10°F,

(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, O0.2-percent offset yield, and ultimate stresses were
determined for each test condition,

14

"




o

- - - it s AR ot S04
R TS T T T T R IS RT '—:"’/K’:\\-W{)'JW?W et -.‘df;g

e v

e e, b€ s emnly

R T DY - INL T

agme TR

e

ot e

PEeTS

S By P e g R

S i s e e Sl e

AN R b

I B TS e L

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. QConstant 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 hoth .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 dependence oxr significant negative heating
rate sensitivity of these temperatuyres 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°F and 1100°F, 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
heating rate dependence and sensitivity of this gteel even when a
metastable precipitate 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 600°F and 1000°F, it
appears that the cause for this behavior may be the same as that for the

negative strain rate dependence of an .18Ni (300) maraging steel at
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The return of significant heating rate dependence of the propor-
tional, yield, and ultimate temperatures above 1000°F was initially
thought to involve reversion of the aged nartensite 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 dependerce 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 75° 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 600°F,

An inverse strength dependence on leading rate was evident through-
out the 600° to 1000°F temperature ramnge, while loading rate sensitivity
remained essentially constont. As the temperature was increased above
1000°F, the loading rate sensitivity ineressed and the loading rato
dependence of strength became positive. This iuversion in loading rate
sensitivity is apparently related to overaging phenomena including the

- veversion of aged martensite to austomite.  X-ray diffraction analysis

of arcas adjacent to {ractuves obtained in tests performed at 1200°F
indicated a significant increase in austenite occurred during these

' tﬁscgg : -

o c.-A'Camparis@n'bf Yield and Ultimate Stresses Obtasined in 4' 

the Two Test Procedures .

o Yicld stresses, defined as those stresses at which yield
- temperatures oceur in tWe heating rate test procedure, are compared -
with yield stresses obtained in the short-time elevated temperature -
tensile tests in Pigures 13 and 14 for the 850°F and 900°F aging treag-

ments.  Corrospoinding ultimate streosses are compared {n Figures 15 = -

and 16, =

It i3 apparent that at temperatuves above 600°F, yield stresszs

| . -obtained in the keating rate test procedure are signiffcantly lower than
~ those obtained in the tensile cchcs'fytjboth-aging‘ttcatmchts. The. - -
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Figure 14, Comparison of yield stresses obta’ned tensile tests and
heating vate tests on 18Ni (300) maraging steel aged at 900°F
for 3 hours.
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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 tesus at temperatures above 600°F, The most significant
difference in the ultimate stresses obtained in the two test procedures
occurred in the 700° to 900°F temperature range., Between 900°F and
1000°F for the 850°F aging treatment and between 1000°F and 1100°F 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, ) o ’ :

.
e T AT T P T TSR e AT P R RIS

D)

Aging treatments used in this investigation did not significantly
affect the yield stresses of this steel in the tensile test procedure.
In the 600° to 900°F temperature range, the yield stresses of material
"aged at 850°F were slightly lower, generally less tham 15,000 psi, than ;
those of material aged at 900°F, This behavior is related to the o0

- slightly increased elevated temperature stability derived from the

~higher temperature aging treatment. The aglng treatments had even less . ;
influence on the results of the heating rate tests with the yield stress- é

; 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 900° to 1100°F 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-
gsons for the yleld stresses at temperatures of 400°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 3
the heating rate test procedure was taken as the elapsed time from ini-
tiation of heating to reaching the yield or ultimate temperature.

Attt et s e

A e~ U I )

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, 800°F, and
1000°F. 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

27
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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 400°F, 600°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 600°F, 800°F, 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 1 second in the heating rate test procedure at 600°F and 1000°F
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
600°F. The load-carrying ability determined from the tensile test pro-
cedure foxr 800°F is higher than that for the heating rate test procedure
for 60O°F for times greater than 60 seconds for the 850°F aging treat-

ment and for shorter times for the 900°F aging treatment, These vesults

indicate that the load-carrying ability of this steel under a given
sequence of heating and loading cannot be predicted from tests con-
ducted under a different sequence of heating and loading even theugh
the times and temperaturcs under heating and loading are the same, -

Strain<nace730nsihiv1tz and Stra‘n Rato>1uvérsiou

: Snrain rate sensitivity of a material denotes variation
of mechanical properties with the rate of deformation, It is defined

quancitatively as the vatie of the increments of the logarithm of stréss

and the logarithm of strajin rate at a given strain. Strain rate sensis
tivity ean be studied quantitatively by wany types of mechanicsl tests,
but the easiest tests to interpret ave those in which a steady-state
condition of plastic flow is disturbed by a sudden change in load or
.rstrain rate so that the resulting stress change is due entirely co the
- vate change and not partly due to strain hardening, When this type of

© esporimental data is not available, it is possible to obtain an apparent -

- -strain rate sensitiviety by eross plocting stréngth values for a parciuus
_lar plastic strain obtained tor’vaticus strain rates. - .

The apparent strain tace s@neitivity duterntn@d in this manner
depends on the nature of wetalluvgical stsbility affecting the strain
- hardening characteristics of the waterial. - Under conditions where
‘yecovery vccurs, the appavent strain raté sensitivity is higher than the
true strain rate sensitivity. When strain sging occurs, the apparent
straiu rate senaitivity is louer than the true strain tnte seusitxvity.
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would appear to be the more important parameter for the analysis of the
rate sensitive mechanical behavior of a material in engineering
applications., i

k 3
8 o
% The apparent strain rate sensitivity of a material is a highly sensitive ?
§ measure of the metallurgical stability of the material and therefore 3

: To obtain the apparent strain rate sensitivity of 18Ni (300)

L 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 cver
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 fox unsged
18Ni waraging steel martensite by Leslie and Sober [13] and at tempera~
tures from room temperature to 600°F by Kendall [4] for aged 18Ni (300)
maraging stecl, These plots show essantially the same straim rate
dependence characteristics as the elastic strain rate data of Kendall
for the room temporature to 600°F range and ave cssentially analogous

to the loading vate plots £ox aamperatures to 1200‘? described ptevieusly '
_in this report, ,

The.appareut scrain rate sansitivitv de:;ued as._the logarithm ef
the ratio of the yicld stresses for the highﬁst and lowast strain rates
~divided by the logavithm of the ratie of the corresponding plastic
straln rates was determined for each test temperature, The effect of
- temperature on the appavent strain rate sensitivity of this steel is
shown in Pigure 22. The decrease in the apparent strain rate sensikbivity
of this steel between 400°F and 600°F along with the negative values for
this parameter in the 600° te 1000°F range results in an luversiva ia
the strain rate depondence of yield strass in this tesperature raige.
- fhese faectors are indicaciva of dynamic strain agiﬁg iﬁ this tampefa-i
, tute range, : _

. f-ta Bynasie strain ASR6E .

Straiu aging is generally defined as a tiﬁo~dtpeﬂdent
. ahauge in properties vhich results froe a soquence of plastic straining
- and agiag. Sinece strain agiag can be explained fn terws of dislocatiou;
5 : pinaing by diffusing ispurity atoms [12], the kinetics of the process
¥ should depend largely on the diffusion rates of the impurity atoms. -
T Dynamic strain aging occurs whan the diffusicn rate of dissolved inpuruty
~ atowms becomes Wigh enough so that pianing of wobile dislocatiors ocecurs
“during plastic deformation, As & result, strain aging phenowens Hay . N
. ovcur sisultaneoulsy with deforsation at appropriate temperatutres. - -4
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Dynamic strain aging manifests itself in one or more aspects including
discontinuoug vielding, ahnormally low strain zate sensitivity, abmormal
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 carhon atoms
promote dynamic strain aging in iron-nickel martensites containing at
least 18-weight percent nickel and mere 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 stecls in the 300° to 800°F temperature range. Dynamic straia
aging in both the iron-~-nickel martensite and the aged martensite of the
188 waraging steel have been attributed to dynamic Cottrell
xncetaccions [16].

Byname sttain aging resulting from Lo:trell dxslocat;on pinning by
diffusing interstitial atoms can also account for the anomalous strain

- vate scnsitivity and inverse strain rate cffects obscorved ian this investi-

_gation., When the strain rate is imcveased in the temperature range in

which dynamie strain aging can occur, less time is available for diffu-

-sion of impurity atoms to occur during deformation thus reducing their -

-effectiveness in pinning dislocations, This results in a decrease in -

~ strain~hardening vhich allews yielding to occur at lower stresses in
‘this tcmperature range, The effect of dynamic strain aging on the

. wechanical behavier of 1881 (300) warsging steel deponds upon the tems
. paratute withia the 500° to 1000°F temperature range, the strain rate,

aad the amount of 1mputity atoms available in tire martensite uatfis.

_ | Gillis. {17) bas proposed that :he.iﬁmutity dszusian uachauiwﬁ
=caunac explain the physieal sechanisem underlying ‘loverse strain rate

effects, He hss proposed that the Johnston-Giluman :hrery of ;i&ldiug{i&],
which predicts that flow stress ot 4 given strsin must iedrease with

© inoreasing strain vate, in conjunction vith stress induced strvectural

- instability theory of Horris [19], vhich predicte that solute precipi-

. tatiow veours prior to yielding with the asount of pf&di?it&tiﬁn depends

© o iag invareely on the strain rate, provides the physical basis for javerse

straln rate eftects. This etheory grectnts for the chauge frow nopasl

- strain rate depondense of strength obsorved at 1w and veey high strain

‘rates to inverse strais rate dependence at ;acetwc&iate strain taté§
obsetved for a nuaker of umtérials. '

St@igerwald and Hanna {151 have ptopasaa that if preﬁiﬁitatiun
oocurs duting tensile tests fn the strain sping tesperature range, the
- precipitate should also influgnee the wechlanical properties 5t other
tempetarures following prestrainiag in this tesperature range. An 3
attespt wax wade to test this hypothiesis for the dynasic strain agigg
of this steel, Duplicate test specisens wvere prestrafned 0.5 perces
at $00°F at each of the three loading vated used in this iﬁve;tiﬁatiﬁﬁ@
The specimsas were vapidly coovled in a water spray and tested immediatoly

W
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4 - £ upon reaching room temperature at a loading rate corresponding to
-3 g : - 4000 psi/sec. No significant changes in yield or ultimate stresses
& 3 ¢ were observed after these: ptestraxning treatments.

A o tthile the results of this experiment do not provide conclusive
. ¢ evidence that precipitation does not occur during strain aging, they do

- 2 indicate that any precipitation that may have occurred in these short-

- : time tests does not significantly affect the subsequent room temperature

4 : mechanical behavior of this steel. The results of stress aging investi- _ 3

- : ' gations of Harrvington [17] and Wright [18) appear to support the theory T f;AQ

- - that precipitation occurs during deformation of maraging steel in the. : 5
strain aging temperature rvange. They found that significant increases LR
in the room temperaturc yield stvess of both 18Ni (250) and M8Ni (300) : T
maraging steel can be obtained after prestraining under constant stress : ~§

g - for times of 15 minutes to & hours im the 600° to 900°F temporatuxe

oo _ vange. The results of these stress aging studics would appear to support

. : the theory that significant solute precipitation occurs in these steels

5 o during deformation im the strain aging temperature range, provided

3 . . deformation rates ave low and deformation times are sufficiently long.

: The results of this investigation indicate that the elevated teme
: e perature dynsmic straia aging effects in 18N (300) maraging steel
- .. . . observed ip short-time test procedutres ave a unique function of the
N c ' "tempetature vange in which sufficient interstitial wobility exists,
o - This would indicate that the ispurity diffusion thaovy offers the best
o ; desceription for the strais ratd semsitivity and iaverse strain vate
S - . .effects observed during short-fime elevated tempevatuve tests on this .
g . , . steel. it is also apparent that the dyasamic gtrain aging effects ave
- S o usiqualy associated with the partensite marvis and do wot invelve any
L © 7 ipscability of the interwmetallic proéipitates forwed deiﬂ@ ehe §¥iﬁ8
of ah.s steel for 3 outs at eiahar Si@’? or 900‘?. :

A& linear relaeicn exists bctueeu thé ﬁﬁ?@ﬁﬁtﬁ of 1353 {300)
cwareging steel and the logavithy of the heatisg rate and loading rate
- for all vest couditions used lo this investigation. Although the heating
“rate seasitivity of this steel is very low lor sivesses resulting in
 plastic deformation and Yailure in the 600° to 1000°P tesperature range,
- A0 qegative heatiug rate d@péﬂddﬁca wag evident, An iaversien ia the .
.f'lcaﬂ;ﬁg vate Jdepesdence of this steel vecurs between 400%F sad 600°F . .
 with strength doceedsing o8 loading rate iacreaseés, - Relatively fow - T
negative values of loading rdte ot steain rate seusitivity resulted in
~ ioverse leading rate depeadence nhtoughaut thé 600‘ To 1000°¢ tehﬁerétuté »
taige.

Tie inverse loading rate or strain rate dependence and the Yow - S {'g
heating rate depindence of this steel in the 300° to 1000°F toapéretute I
taage ave acttibutcd to dyﬂaumc steain aeina rha ghorter tises -
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available for diffusion of interstitial atoms to dislocations as heating
cr loading rates increase reduces the effective pinning of these d#slo-
cations and thus reduces strain-hardening wiaich results in a tendency
toward decreasing strength with increasing heating or lcading rates. -
These 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. Dynanic strain aging is associ-
ated with the martensite matrix and does not involve anv instability of
tlie 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 retuin of positive heating rate and loading rate
dependence at temperatures above 1000°F results from increased rate
sensitivity associated with recovery effects related to overaging phe-
nomena with reversion of martensite to austenite alse involved in the
loading rate sensitivity in the tensile tests,

Aging treatments required to obtain a coexisting metastable pre-
cipitate and stable precipitate (850°F for 3 hours) and to obtain a
stable precipitate (900°F for 3 hours), as determined from maraging
kinetics and precinitate reversion studies in this investigation, did
net significantly affect the heating rate or loading rate dependence
of this 18Ni (30C) maraging steel, The 900°F aging treatment did result
in slight improvement in yield strength in the 600° to 900°F temparature
range in the tensile tests, These aging treatments had even less influ-
ence on the yield strength in the heating vate tests with the yicld
stress-temperature curves being essentially identical for the two aging
treatments, The 900°F aging treatment did result in a slight increase
in resistance to creep in the heating rate tests in the 900° to 1100°F
temperature range. S

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 400° to 1000°F temperature range., Load-
carrying ability for the heating rate test procedure decreases with
elapsed time at all temperatures between 400°F and 1000°F, while load-
carrying ability for the tensile test procedure decreases with time at
400°F, but increuses with time at temperatures of 600° to 1000°F, It
le apparent that it is impossible to predict load-carrying ability of
this steel for a specified sequence of heating and loading from a Jif-
ferent sequence of heating and loading even though times and tempera-
tures under heating and loading are the same,
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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 600°F could result in nonconservative design criteria
for a solid propellant missile motor case or other structure in which
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 shert-time
elevated temperature mechanical tests must also be considered for
material selection or wmechanical design applications since changes in
the strain rate dependence of strength could be significant in many
elevated temperature structural applications.
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