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IHTRODUCTION

Although the actual velationship between mechanical properties of materials
and rate of loading heccmes quite invelved, it can be postulated that, in general,
mechanical properties are sensitive to strain rate effects, However, it is gener-
ally ack?owlcdged that the movement ~f Jdislucations accounts for the strain rate
cffects,

Dislocation locking” is another phenomenon which can affect mechanical prop-
erties and is subject to strain rate behavior. It is believed that dislocations
can be locked by segregate atoms and that plastic flow will not occur until mobile
dislocations are formed. Some {injite period of time is required before sufficient
dislocations are formed to causc obscrvacle plastic deformation, The time delay
associated with this phenomenon causes an increase in the upper yield point which
is logarithmically relatecd to strain rate.

Ia addition, lloge® indicated that stress corrosion is affected by strain rate
interactions in uranium alloys. The stress corrosion effect predominates at rela-
tively slow strain rates, i.e., up to approximately 1.0 sec™!, whereas at faster
loading rates there is insufficient time for any appreciable corrosive action.

As the loading time is decreascd fhigher strain rates), the yielding phenomenon
is delayed and ultimate strength increases.

In this report, the effects of strain rate at various temperature levels on
the mechanical properties of s2lected brittle and tough materials are studied.
Strain rate sensitivity evaluations for these materials are determined as a func-
tion of the maximum range of strain rates investigated.

EXPERIMENTAL PROCEDURE

Dynamic tension tests were conducted* using a 10,000-pound Universal Tester
{Plastechon Model 591) in conjunction with bonded resistance foil-type strain
gage? techniques and a dual-bcam oscilloscope. A relatively high natural fre-
quency piezoclectric transducer (60 kHz) for load readout purposes was incorpo-
rated in this commercial machine which was modified slightly with the installatiuon
of a triggering device to record the transient strain-time and load-time oscil-
lographic traces.

In operction, hydraulic power is supplied to the servo-controlled, electro-
hydraulic testing machine through a 3000-psi 7.5-gpm pump driven by a 15-hp
electric motor. A sketch of the cssential components is shown in Figure 1, The
movable ram is actuated by a dual-lcad continuous film potcntiometer with a
6-inch stroke.

*The testing phase of this study was carried ou? under contract gt Plas-Tech Equipment Company. Natick. Massachusetts,

+Micro-Measurements Type EP3-250-BC-) 20,

1. DORN, J. F., MITCHELL, .. and HAUSER. ', Didovarion Dyvranucs. Fxp. Mechanics, November 1965,

2. HAHN. G. T. A Modcl for Yicldine with Special Refercaces to the Yield Point Phenomeng of Iron and Relaied 8CC Metals.
Acty Mer,, v. 10, 1962,

3. HOGE . K. F. Some Mechanical Properties of Uranium - 107 Mo Alloyv Under Dvnamic Tension Loads. Lawyence Radiation
Laboratory, Livermore, California, UCRL 12357, Rev. 1. { chruary 1965,
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Figure 1. Test setup

The load signal is generated by a quartc-tvpe strain-gage force transducer
mounted directly behind the test specimen.

I'wo axial strain gages, mounted on
opposite sides of the reduced section of the specimen, give an accurate measure-

ment of the ipitial strain and permit the detcermination of elastic modulus and
vielding behavior,

Just as the ram begins to accelerate, it contacts a trigger pin, starting
the oscilluscope sweep.

The signals, both from the load cell and from the test
specimen strain gages, are displayed on a dual-beam oscilloscope and photographed.
These data provide a load-time and strain-time record of the event.

True stress and trucfstrain were calculated from the portion of the engineer-
ing stress-strain curves, developed from the load-time and strain-time oscillo-
graphic traces, up to ultimate load and from the specimen measurements afier
fracture, The stress and deformation characteristics of the various test materials
were determined from the following expressions:

(1) truec stress (psi) = {1+ .3

(2) true strain = In (]l + )}

true fracturc stress (psi) = Lg/Ag

(4) true strain at fracture

= In {AgfAs)
where

n = vield or ultimate stress, psi, calculated from lead-time oscillographic
records

¢ = corresponding strain, in./in. from strain-time oscillographic records

IS T UV o
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L. = upplied load, pounds, at fracture frem load-time oscillographic records
= N b arith =
in = Naperran togarithm tog,
A = original cross-sectviona! ares, sq in., of test specimen at reduced section
Af = fractured area, sq in., of test specimen at reduced section

A correction for the triaxial stress state in the neck™ region of the test spec-
imen was not applied. True stress-strain curves are plotted assuming a smooth
interpolation between the rcgions of ultimate load and fracture, The nominal
strain rate was graphically obtained from the strain-time relationships immediately
prior to the ultimate load value.

SPECIMEN MATERIALS AND GEOMETRY

All strain-rate behavioral tests were conducted with cylindrical 0,15"-
diameter spccimens of the configuration shown in Figure 2.

The materials analvzed wevre 1340, 52100, and HF-! alloy steels, 6A1-6V-2Sn
and €Al-4V titanium alloys, and 8Mo~1/2Ti uranium alloy. The titanium alloy
specimens were taken from forged bars, wherecas the 4340 and 52100 specimens were
machined from hot-rolled bur stocck., The HF-1 steel specimens wer: extracted from
forged shell bodies of 105-mm size while the uranium specimens were removed from
a hollow, backward extruded cylinder which was sliced into 120 degree sections
and forged flat at 1200 F. All specimens, with the exception of the uranium ones,
were taken longitudinal to the material grain flow.

HEAT TREATMENT AND MECHANICAL PROPERTIES

The compositicn and mechanical propertics {or each material are presented
in Tables 1 and 2 and their corresponding heat trcatments are shown in Table 3.

- - 3 -
3 - ll e 1
i 4 i 13UNC-2A
150 F00p > o5
DIA. S
= ,4 Figure 2. Test specimen
...4;,‘_,_4,m,A474 o { - P S
. —J
.700 <
3 e 1 R
+=- 16UNC-2A . 705 Y
8 16
- 23 RTYP
o)
4 BRIDGMAN P W, Thie Stress Distrehicens af e Nek af g Tension Specimen. Tranactions. Am. Soc. Metals, v, 33, 1944,
p. 553.874.
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Table V. CHEMICAL (oMo (100w
{th weight percent)

Material
Steet Alloys L ) %) fr Yo 54 P S
4340 QA7 Joat 1, 78 .73 [ A% fORE |
52100-1 1 RI{ 1000, LT .35 L2
£2100-2 10&T{1200; 1.0 L35 T.En
52100-3 Nonmg! oo A5 1.5
HF-1 {Type 1) V.97 1. 78 1.05 08.01 0.216
HF-1 {Type 2} .11 1.80 i.C4 L0l 017
HF-1 (Type 3) 1.9 1.80 1.0% 01 017
Titanium Alloys 4 A1 Sn te {y
bA1-4¥ D00 612 4.3
6AI-BV-25n .. £.£3 z.84 1.8 0.61 0.79
Uranium Alloy L Mo i Te S % 1) H

B0~ 17274 0.006 7.3 0.4 0.06%4 il 0.GC04  2%ppm  C.Sppm

Table . laMindl CARGICAL PROPLATILS

¥.5, Impact Enerqy
DI T.S. R.n. ft-1b
Materia! tgi asi -0 F
Steel Alloys T
4330 Q87 idl 133 €4 24,2
£2100-1 IGET (1500} £} 186 11 I
52100-2 1Q8T{120D; 14?2 173 21 3.0*
52100-3 NormgT 133 29 e 3.8
HF-1 {Type 1, i 15 24.8 3.1
HF-1 Type 2} 122 HEY 8.7 3.7
HF-1 {T,re 3) a2 132 t.8 oA
Titanius Allgys
CAl-&y 149 162 36 £.5
BA1-6V-25n 1684 160 36 7.%
Uranium Alloy
8Mo-1/271 135 142 a0 3.4

*Room Temperature Results

The alloy steels selected in this investigation are structural alloys used by the
Army for applications involving high struin rates.

The 4340 steel was quenched and tempered to provide a tempered martensitic
structure of moderate strength and high toughness typical of properly heat-treated
high-strength structural steel,

One heat treatment of 52100 steel involved an austenitize, followed by hold-
ing in the two-phase region to precipitate out grain boundary carbides before
quenching (IQET treatment). The 52100 steel, which is an air-hardening steel,
was also normalized and tempercd (NormgT) to produce an alternate microstructure
and associated yield/tensile strength ratio without the carbide embrittlement.

-~

For the 52100 steel, the yield strengths and tensile ductility were much
lower for the Norm&T treatment than for the IQST treatment. The yield strength/
tensile strength ratio was much lower, and the reduction of arca was quite low.
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Table 3, RLAT TREATMENTS

Material o ._"_’1?:_ Heat Treatment
Steed Alinys -
4340 AT 1853 F Yhr-0i1 Juench
1100 F 2hr-Rir Cog!
IS NN 187 1750 F 2hr-Furnance Cool

to 1350 F 1-1/2nr-03) Quench
G, F Inr-adir ool
5210i=2 1nat 1750 F 2hr-Furnace (ool
to 1350 F 1-1/2hr-0%1 Quench
1200 F Yhr-Air ool

52103-3 NorrdT 1750 F onr-Air Cool
500 F lhr-air Loo?

HF e 1 1425 F 1-1/2hr-0.1 Juench
1100 F ihr-8ir Coo!

nfe} 2 1550 F 1-1£2hr-Nil Quench

1150 F 1-1/72hr-Rir Tno}

1700 F 1=1/2nv-0150 T
neld 1-1/2hr-Air ool

“F-1

[

Titavium Al yS

Er1-4/ Solution Treated 1706 F Ihr-dater Nuench
& Aged 1150 F &hr-Air (ool

bAT-6V-25n Selution Treated 1550 F thr-water Juench
4 Aged 1050 F édnr-dir Cool

ranian alloy

Mo 1/271 Annealed § Forged 1600 F Zhr-furnace (ool
Forge at 1700 F-2ir (o0l

The steel designated HF-1 was developed for use in ammunition by Bethlehem
Steel Company. In view of its possible use at high strain rates, this relatively
brittle material has been included in this study. This high carbon stecl contains
*% manganese and 1% silicon to provide hardenability and a degrce of embrittiement.
The types of heat treatment emploved also influence the ductility and toughness.
The throe heat treatments selectcd for evaluation in this study of HF-1 steel arc:
(1) an incompletely austenitized structure followed by a quench and temper to pro-
duce tempered martensite with pearlite ghosts and grain boundary carbides; (2) a
more complete austenitized followed by a quench and temper to produce tcempered
martensite; (3) an isothermally transformed structure to produce coarse pcarlite.

Typical microstructures in HF-1 stecel cbtained after these treatments, using
an electron beam microscope cxamination of replicas at 10,000X, are shown in
Figure 3. The structurcs of the specimens as a result of treatments 1 and 2 con-
tained considerable amounts of undissolved carbides indicating that the matrix

had not been tran;formed to a homogencous austenite during the austenitizing
cperation,

For the liF-1 steel, the tensile strengths after the threc heat treatments
were similar, These treatments were designed to impart a range of toughness
levels. Thus the yield strength/tensile strength ratio was lower for the coarse
pearlitc and incompletely austenitized quenched and tempered structures than for

the tempered martensite structure. The ductility and toughness were also reduced
in these two structures,
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The mechanical properties obtained in the two titanium alloys and the ura-
nium alloy are typical of the properties of these materiails,

STRAIN RATE BEHAVIOR

There was not a great deal of uppropriate information in the literaturc to
assess the results of these strain rate behavioral tests with other methods and
other investigators. Consequently, onlyv limited comparisons werc possible.

Materials properties parametcers such as yicld strength, ultimate tensile
strength, true fracture stress, tension modulus, and reduction of area arc cxam-
ined under a temperature environment ranging from subzero through elevated tem-
peraturel(—llﬁ C to +260 C) over u strain rate spectrum of (0-" sec™! to 5.31 x
10° sec”!,

The strain rate sensitivity of the various brittle and tough materials was
determined by correlating the cumulative cffects in mechanical property valucs
with strain rate variations. In addition, the strain hardening characteristics
of these materials were evaluated from un analysis of the true stress-true strain
behavior at a variety of temperature and strain rate conditions., The experimental
test data as well as the true stress-true strain results are summarized in tabular
form in the Appendix.

Figure 4a shows the Jdata obtained from 4340 steel with respect to yield
strength, ultimate tensile strength, true stress at fracture, modulus of elasticity
in tension, and reduction of area as a function of strain rate at room temperature
{23 C). Four decades of strain rate from 7.7 = 103 to 1.8 scc~! are vovered,

[t can be stated that thc true fracture stress was fairly constant over the
range of strain rates examined. Both the ultimate and yield strengths as well as
the tension modulus increased with incrcasing strain rates, whereas the reduction
of area was quite constant,

The increcase in ultimate and yield strengths appeared to be fairly uniform;
in comparison, a transition point at approximately 1.0 scc™! was noted in the
behavior of the tension modulus wherein the resultant increase progressed trom a
moderate rise at strain rates below 1,0 scc™! to a rather sharp gain above this
transition point.

The results for 52100 steel are shown in Figure 4b, The true fracture stress
of this alloy in the three heat-treated conditions studied, in addition to the
tension modulus, for the grain boundary embrittled high temper (52100-2) and nor-
malized (52100-3) conditions, behaved monotonically with increcased strain rate
For the ultimate strength performance, it is noted that there is a slight decrease
with strain rate. However, the actual changes were sufficiently small so that the
net change is not considered significant.

The yield strength of the high temper 52100 stecl in the [Q4T condition showed
a moderate decrease with increcasing strain rate; however, for the NermfT treatmes

~
R )

the yield strength increascd moderately with strain rate., The reduction of arca,
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as in th2 zase of 4340 steel; romained fairly constant for both the grain boundary
embeittled (IQ4T) and normalized conditions over the range of strain rates invclved.

The relationship of truc fracturc stress, ultimate tensile strength, yield
strength, tension modulus, and reduction of arca versus strain rate at both room
temperature (235 C) and -116 C for HF-1 steel in tlie three heat-treated conditions
{(Types 1, 2, and 3) are presented graphically in Figure 5. The range of strain
rates covered in these tests extendcd from 103 sec~! to 5.3 = 10?7 sec™?!,

Tne behavior of tru? fracture stress versus strain rate at both room temper-
ature and -116 C is shown in Figure 5a, At room temperature, the three types of
HF-1 steel investigzted show an increase in fracture stress with increase in
strain rate, whereas 2t -116 C the fructure stress remained constant.,

The same phernomenon was demorstrated for the ultimate tensile strength as
seen in Figure 5b. At room temperature, essentially thrce parallel slopes were
developed, indicating tnat the rate of increase of the ultimate strength with in-
creasing strain rate was similar for all three types of HF-1 stcel, As with frac-
ture stress, the ultimate strength varied menotonically with strain rate at ~-116 U,

Figure 5c shows that the yield strengths incrcased with increasing strain
rate at both room temperature and -116 C. However, the rate ox increase for the
Type 2 material was not as pronounced as with Types 1 anc¢ 3, resulting in the
fact that above a strain rate of approximately 4 x 10-? sec~!, the yield strength
levels for Type 1 exceeded the group at the room temperature condition. In all
cases the levels at -116 C were superior to the values obtained at room temper-
ature, This result was in contradiction to that determined for tiiz ultimate and
true fracture stress levels at the upper regions of the strain rate spectrum,
wherein the values at rocm temperature in all cases exceeded those obtained at
-116 C.

The degree of dependence on strain rate for the tension mwdulus values is
demonstrated in Figure Sd, At both test temperatures the threc types exhibited
an increasc¢ in modulus with increasing strain rate, With the exception of Type 3
material, the rate of increase was much more pronounced at -116 C. The Type 2
material at -116 C yieldad the sharpest increase in modulus registering a value
of 29.5 x 106 psi at the upper limit of the strain rate range (250 to 500 sec™l).

Reduction of area, a parameter for evaluating ductility, bechaved monoton-
ically with strain rate at room temperature for ail three types of HF-1 steel
(Figure 5e) from quasi-static to high-order strain rates (530 sec™!}. Ar -116 C,
Types 2 and 3 were relatively unafrected by strain rate, whercas Type | showed a
marked decrease in the R.A. value from 10 scc~! to approximately 530 sec-!,

The results of tests at room iremperature (23 () on the 06Al-3V-2Sn and 6Al-4V
titanium alloys are shown in Figure 6. The true fracturc stress and uitimate
strength for both alloys in the solution-treated and aged condition increased
slightly with strain rate up to approximately 2.4 sec™'. Above this value there
was a marked increase in fracture and ultimate strengths. The vield strengths
of both titanium alloys as well as the tensicn modulus for the 6AL-0V-2S5n alloy
ini:reased moderately with strain rate, whercas the 6A1-4V alloy ¢videnced a
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moderate decline in the modulus value over the strain rate spectrum investigated,
The reduction of area for the 6A1-4V alloy remained constant with strain rate,
while for the 6Ai-6V-2Sn alloy there was a negligible increase. Five decades of
strain rate from 4 x 1073 to 1.4 x 10?2 sec™! were covered in these tests.

The results on the titanium alloys are consistent with previous data reported
by Austin and Steidel® for lower strength titanium 2lloys. These authors also
observed an increase in fracture strength for cold-rolled mild steel which coin-
cided with results obtained for the higher strength, lower ductility HF-1 alloys

but contrasted with the insignificant change observed in the high-strength type
4340 and 52100 steels,

True fracture stress, ultimate tensile strength, yield strength, tension mod-
ulus, and reduction of area are plotted as a function of nominal strain rate in
Figure 7 for the 8Mo-1/2Ti uranium alloy at test temperatures of -73, 23, 149, and

260 C. Tension tests were conducted at strain rates ranging f-om 5.7 x 10~3 to
5.3 x 107 sec™1,

5. AUSTIN, A. L., and STEIDEL. R. k., Ir. The Tensile Properties of Some Fnginecring Materials ar High Rates of Strain.
Proceedings of the American Society for Testing and Materials, v. 59. 1959,
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As shown in Figure 7z, the fracture stress increased markedly with increasing
strain rate at room temperaturc and -73 C, At the elevated temperatures of 149 and
260 C there was an overall slight increase in the stress value with strain rate.

It is clearly indicated in Figures 7b and 7c that both ultimate tensile
strength and yield strength levels of the uranium alloy were greatly increased
with increasing strain rate from subzero through the elevated temperatures tested.
These mechanical property results are in excellent agreement with data reported by
other investigators, Iannelli et al,® and Andersen’ reported an increase of
approximately 27% in the ultimate strength of U-8Mo-1/2Ti at room temperature as
the strain rate progressed from 3 x 10~" sec™! to 10 sec™). The data presented

in Figure 7b corroborate this rate of increase within 1% at the low orders cf
strain rate.

The influence of strain rate on the tension modulus is depicted in Figure 7d.
At all test temperatures from -73 C to 260 C the modulus increased moderately from
quasi-static to approximately 3.0 sec™!, the rate of increase being relatively
proportional; for the higher strain rates up to 530 sec”! the modulus increased
markedly at temperatures from -73 C to 149 C, vhereas at 260 C it was essentially
neutral. It will be noted that from 3.0 sec-! to 530 sec~! the rate of increase

of the modulus became more pronounced as the temperature decreased from 260 C to
~73 C,

At the subzero temperature of =73 C, where the largest rate increase in the
tension modulus occurred, an increase of agproximately 94% was obtained as the
strain rate increased from 1.5 x 1072 sec~! to 2,27 x 102 sec~!. This dramatic
rise in the modulus value, from 12,0 x 10°® psi to 23,3 x 10% psi, can be attrib-
uted to a substantial change in the stress-strain behavior of the material with
strain rate, Since the modulus is directly proportional to the elastic stress
and inversely proportional to the strain corresponding to this stress, an appre-
ciable change in these parameters will reflect a signifirant difference in the
modulus level, particularly if ihe combined changes are cumulative, e.g., an
increase in the stress value concurrent with a decrease in the ctrain value.
Referring to Table A-4 in the Appendix, it is observed that the yield stress for
the 8Mo-1/2Ti uranium alloy increased from 167 ksi to 206 ksi while the corre~
sponding strain decreased from 0,0135 in./in, to 0.0087 in./in. These results
indicate that when the stress increascd 3% the corresponding strain decreased

36% with the net combined interaction of these effects contributing to an increase
of approximatecly 93% in the tension modulus value,

Figure 7¢ graphically reveals the severe loss in ductility with increasing
strain rate as the temperature decreased from 260 C to -73 C. At each tempera-
ture level, with the exception of 260 C where an incremental increase in ductility
was ncted, the loss in ductility was more pronounced at the high orders of strain

rate, Figure B8 displays both the brittle and ductile type fracture modes occur-
ring at test temperatures of -73 C and 149 C,

6. IANNELLI, A. A., and RIZZITANO, K. §. Notched Properties of High-Strength Alloys at Various Load Rat:s and Temperatures.
Army Materiais and Mechanics Research Center AMRA TR 66-13, July 1966 (AD547884).

7. ANDERSEN, A. G. H. A Medium-Speed Tensilr Testing Machine and Some Dynamic Data Produced Thereby. Journal of Applied
Polymer Science, v. 8, 1964, p. 169-196.
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{b} fractured specimen, and () closeup of fractured area.

In order to evaluate the relative strain rate sensitivity merits of each mate-
rial under study, the cumulative differentials in mechanical property values at-
tributed solely to strain rate variations were analyzed, Since every material was
not subjected tu all temperature variations, from subzero to elevated, only those
temperatures that were common to all materials tested were considered as a basis
for comparative evaluation. This criteria eliminated all temperatures except
ambient or room temperature (23 C)., Hecnce at ambient temperature, the sensitivity
dependence of each material was determined by correlating the net differentials
occurring in each of the five mechanical property parameters, i.e.,, true fracture
stress, ultimate strength, yield strength, tension modulus, and reduction of area.
The contributions of each parameter was equally weighted in arriving at the cumu-
lative influence from which the sensitivity ratings shown in Table 4 were derived.

Examination of Table 4 indicates that of all the materials tested, U-8Mo-
1/2-Ti was most sensitive to strain rate effects, being approximately twice as
sensitive as the next ranking material, namely, the HF-1 steel alloy having a
tempered martensitic microstructure with grain boundary network (Type 1). It is
interesting to note that the 52100 steels were all least effected by strain rate
variations. However, there was insufficient data on the 52100 steel to accurately
assess the yield strength and tension modulus,

15
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Since the uranium alloy was subjected to subzero as well as elevated tempera-
; ture environments, the effect of temperature on the strain rate sensitivity of

E this material could then be ascertained, The cumulative sciasitivity influence at
each temperature was determined and compared with the room temperature (23 C)
results as shown in Table 5. [t will be noted from Table 5 that, in general, as
the test temperature decreased the effect of temperature on the strain rate sen-
sitivity decreased with a very slight change (5.7%) occurring from +149 C to +23 C,
As the temperature increased from +23 C to +260 C the strain rate sensitivity in-
fluence of this uranium alluy increased by approximately 80%, whereas from +23 C
to ~73 C therc was a decrease of approximately 50% in the sensitivity indicator.

oy

Table 4. STRAIN RATE EVALUATION OF VARINUS BRITTLE AND TOUGH MATERIALS
IN DESCENDING ORDER 0F SENSITIVITY DETERMINED AT SMBIENT TEMPERATURE {.23 C)

Sensitivity Dependence of Lach
Parameter for Maximum Range of
Strain Rate Data -

Net Differential { )

. True Sensitivity Indicator Sensi-
b Test Fract, Uit. VYield Tension Curulative Sensitivity tivity
: Materia) Stress Str. Str, Modulus R.A. Influence ( ) Rating
U-8Mo-1/2Ti 7.7 67.7 N9 99.2 70,6 347, A
HF-1 (Type 1) 6.4 22.4 80.6 28,8 37,7 175.9 8
Ti-6A1-6V-25n 320 2. 213 8.6 76.3 164.4 ¢

; HF-1 (Type 3) 21,2 27.2 58.6 14,6 16.2 137.7 D

: HF-1 (Type 2) 37.6 24.3 26.8 16.0 18,9 124.6 £

; 4340 {Q4T) 0.2 16.9 22.3 5.3 5 78.3 F

i Ti-6A1-4Y 28.3 286 7.0 6.4 5.6 7.9 5

; 52100-2 (1Q&T) 7.3 8.4 18.4 1.6 14.5 50,2 H

E 52100-3 (Norm8T} 2,4 1.9 8.9 £.3 219 43,4 I

' 521,0-1 {I1QaT) 0.5 7.9 - - 219 36.3 *

*not rated due to unavailability of related data

Table 5, EFFECT OF TEMPERATURE ON STRAIN RATE SENSITIVITY
OF GAMMA-STABILIZED U-UMo-1/2Ti

o i e P

Sensitivity Influence of fach
Parameter for Maximum Range of
Strain Rate Data -

Het Differential (%)

Temp, tffect - Change

Test True Cumylative in Sensitivity Influ-
Temp, Fract, Ult. Yield Tension Sensitivity ence { ) Relative to
{Deg ) Stress Str. Str. Modulus PR.A, Influence (*) Ambient Terp. (23 C)
+ 23 37.7 67.7 71.9 99,2 70,6 3471 -
% - 73 41.7 a4 36,0 94.2 79.5 235.,5% -51.6
+149 14.5 110.9 120.% 66,7 40,2 352.8 + 5.7
+260 19.¢ 175.4 196.9 16.4 17,5 425.4 +78.3
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For the HF-1 steel in the three hecat-treated conditions the effect of the
subzero temperature (-116 £) on the striin rate sensitivity characteristics was
investigated. There was sufficient d-ta tc 2ffect a comparison of the cumulative
sensitivity influence at -116 € with tkat c¢tained at +23 C for Types 1 and 3
onlv. Examination of Table 6 reveals thu. the strain rate sensitivity decreased
for Types 1 and 3 as the temperaturc Jecreased from +23 C to -116 C, the tempera-
ture effect being greater for Typc 3 by a fuctor of approximately 1.9. In assess-
ing the overall strain rate influence a* -116 C, the results indicate that Type 3
was least affected by strain rate variations, : s sensitivity being significantly
less (62%) than the Type 1 alloy.

From an analysis of the test data, a methodology was evolved to crystallize
the extent of temperature effects, at constant strain rate, on the mechanical
property results of both the gamma~stabilizcd U-8Mo-1/2Ti and the HF. ] steel in
the three heat-treated conditions. To implemeat this concent, the net changes
occurring in each mechanical property parametcr relative to its ambient tempera-
ture performance was initially determined. By placing equal emphasis on each
value thus obtained, it was then possible to correlate the resultant cumulative
differential which would be considered indicative of the comprehensive influence
of the temperature contribution. Fach cntry contained in the cumulative indica-
tor resuited from the behavior at the two strain rates formed at the boundaries
of the spectrum evaluated,

for he gamma-stabilized uranium alloy unde~ quisi-static loading conditions,
it wil! de ncted from Table 7 that the temperature influence remained fairly con-
stant as the temperature either increased from +23 ( to +149 C or decrzased to
-73 C but a moderate change (38%) was realized when the temperature increased to
+260 C, In comparison with the low-order strain rate vesults, the temperature
effects, under dynamic loading rotes, were much more pronouncad at the elevated
test conditions, whereas a relatively modest change occurred at the subzero
temperature,

in the case of the HF-1 steel at low-order strain rates the temperature in-
fluence on the mechanical property results of Type 3 material was approximately
64% g¢reater than that of lvpe 1; Type 2 was excluded from this analysis due to
insufficient data points, The tomperature interaction resulting at high-order
strain rate conditi ~s, even tkougn the levels of susceptibility were higher than
those attained at low-order strain rates (Table 8), was quite comparable for all
three types of IiF-1 steel; a maximum difference of only 17% occurred and that was
between Types 1 and 3, At high-order strain rate conditions the three types of
HF-1 steel can be ranked in the following descending order of susceptibility to
the subzero temperature change from +23 C to -116 C: Types 1, 3, and 2.

For the HF-1 stcel alloy having the tempered martensite microstructure with
grain boundary network (Type 1), the temperature cffects at high-order strain
rates werce approximately twice (1.94) that occurring at low-order strain rates.
However, temperatu~e effects on the 1F-1 alloy in the isothermally transformed
to coarse pearlite microstructure (Type 3) were relatively independent of strain
vate wherein a negligible difference of 5% was obtained at the extremitics of the
strain race range examinod,

—
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Table 6. EFFECT QF TEMPERATURE OK STRAIN RATE SENSITIVITY
OF HF.7 STEEL IN THREE HEAT-TREATED CONMDITIONS

Sensitivity Influence of Fach
Parameter for Maximum Range of
Strain Rate Data -

Net Differential { )

Terip, Effect - Change

Test Trus Cumulative in Sensitivity Influ-
Temp. Fract, Ult. Yielt Tension Sensitivity ence {') Relative to
Materia) (Deg C) stress Str. Str, Modulus R,A, Influer () Ampient Temp, (23 C)
Type 1 23 6.4 22.4 80.6 28.8 17,7 175, -
Type 1} -116 15.5 28.4 147 1.8 43,7 110,1 -37.4
Type 2 23 17.6 24.3 26,8 16,0 19.9 124.6 -
Type 2 -116 - 1.0 173 6.7 - . -
Type 3 23 21.3  27.2 &8.¢ 4.4 16.2 137.7 -
Type 3 -iié 0.9 6.3 23.9 3.6 13.2 42,1 -69.4

*Not tabulated due to insufficient data

Table 7. EFFECY OF TEMPERATURE ON MECHANICAL PROPERTY RESULTS Of GAMMA-STABILIZED
U-Mo-1/2T1 UNDER QUASI-STATIC AND DYNAMIC LOADING CONDITIONS

tet Change (%) in fach Parameter Pelative
to Ambient Temp, (23 C) at Strain Rates
Ra* and Rb" (Sec-1)

Cumulative Comparison of

1 -ve Temn, Effect Temp, Effects at
Test Fract. ult. Yield Tension Differential High- and Low-Order
Temp. Stress Str. Str. Madu Jus R.A, {) Strain Rates
(Deg C) Ry Ry Ra Ry Ry Ry Ry Ry Ra Rp Ry Ry, Ro/Ry
- 73 9.1 12,3 3.8 12.4 19.3 1.9 1.6 &1 371 5.1 102.6 8.5 0.85
+149 10.4 255 29,2 11,0 27.3 6.7 4.1 19.8 28.0 1s0.2 99.0 223,2 2.25
+260 32.5 41.5 46,9 12.8 47,1 8.7 4.9 38.7 10,5 34).5 141.9 483.2 3,12

*0.006 < Ry ~ N.015
12.27 * 102< Ry € 5.31 « 102

Table 8. EFFECT QF SUBZERO TEMPERATURE (-116 C) ON MECHANICAL PROPERTY RESULTS OF
HF-1 STEEL IN THREE HEAT-TREATED CONDITIONS AT LOW- AND HIGH-ORDER STRAIN RATES

Net change (1) in Each Parameter Pelative
To Ambient Temp. (23 ) at Strain Rates

n - -l
Ra and Rb {Sec~1)
Temp, Index Comparison of
Trve Cumulative Temp, Effects at
Fract. urt, Yield Tension Differential High- and Low-Order
Stress Str. Str. Moduius R.A. . Strain Rates
Material Ry, Ry R, Ry Py Ry Ry Ry Ry Ry Ry LY Ru/R,
Type 1 5.9 15,5 3.2 26.4 1l.6 54 3.5 159 ?2R6 39,4 52.8 102.6 1.94
Type 2 - 5% 4.3 52 90 96 0.9 9.9 - 457 - 85.5 *
Type 3 13,4 14,1 7.7 12,2 0.6 4.8 3.7 6.3 0.8 53.8 86.6 91.2 1.0%

*Hot determined due to insufficient data
+2.04 < Ry < 9.19
1286 ¢ 107 4By - €32 4 107
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True stress-truc strain curves as a function c¢f strain rate were plotted in
logarithmic coordinates for each material tested to present a better view of the
strain hardening phenomcnon. Since the relationships thus estahlished could be
analytically cxpressed in the form of ¢ = Kel', the strain hardening exponent n
is directly determincd from the slope of these curves. Changes in the slopes of
the curves, occurring at various strain rates, could then be interpreted in terms
of the development of hardening or softening processes.

Room temperature truc stress-true strain curves at various strain rates for
the 4340 and 52100 stecls as well as the 6Al-4V and 5A1-6V-2Sn titanium alloys
are shown in Figure 9. The 4340 (Q§T) steel alloy and the titanium alloys all
exhibited a Jdecrease in strain hardening with increased strain rate. The 6Al-6V-
28n and 6A1-4V titanium alloys showed a significant general increase in flow
stress but no apparent change in fracture behavior, For the 52100 steels, in
both the grain boundary embrittled low temper and normalized conditions, there
was no change in strain hardening with increasing strain rate; however, for the
grain boundary embrittled high tcmper condition, st.rain hardening increased with
increasing strain rate,

The results on strain hardening for the 6Al-4V titanium alloy are consistent
with a previous investigation by Johnson et al,® who observed a decrease in strain
hardening at high strain rates up to 8000 sec™!. These investigators did, however,
observe an increase in the strain hardening slope at high strain rates for Type

304 stainless steel, Armco iron, and unalloyed aluminum.

The true stress-true strain characteristics at room temperature for the three
types of HF-]1 steel at various strain rates are shown in Figure 10, Types 2 and 3
showed a fairly significant increase in flow stress with increasing strain rate
but with no apparent change in fracture behavior. Strain hardening for Type 1|
material showed a pronounced decrease with increased strain rate, whereas with
Types I and 3 the decrease in slope was insignificant,

Figure 11 displays the true stress-true strain curves at various strain rates
of HF-1 steel for the test temperature of -116 C. The strain hardening index for
the three steel alloys decreased significantly with increasing strain rate, the
change in slope becoming increasingly greater when progressing from the conven-
tional tempered martensite (Type 1) through the tempered martensite with grain
boundary network (Type 2) to the isothermally transformed coarse pearlitic
(Type 3) microstructures, The accelerated softening mechanism was evidenced from
examination of the net percentage changes developed in the slope of the true
stress-true strain curves, i.e., 22,2% for Type 1; 37.1% with Type 2; and 43.4%
by Type 3.

The true stress-true strain behavior for the gamma-stabilized 8Mo-1/2Ti ura-
nium alloy at various strain rates and test temperatures is presented in Figure 12,
With the cxception of subzero temperature of -73 C, where an increase in the
strain hardening slope occurred with increasing strain rate, strain hardening in
gencral decrcased with increasing strain rate as the temperature increased from
23 C to 260 C.

8. JOHNSON, P . (.. STHIN, B. A, and DAVIS. R. S. Measurement of Dynamic Plostic Flow Properties Under Uniform Stress.
ASTM STP 336, 1961, p. 195.208.
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In an attempt to assess the strain hardening characteristics of the various
materials tested, the strain hardening index n was first graphically obtained
from the true stress-true strain curves plotted in Figures 9 to }J2. Thus the
strain hardening indices were directly determined itom the slopes of these curves

for each material grouping at ali test temperatures and the results are presented
in Table 9,

Similar to the procedure set up for determining the strain rate sensitivity
dependence of each material, since the only temperature common to all materials
was ambient or room temperature (+23 C), the strain hardening behavior at ambient
temperature was selected as the criterion for comparable evaluation, Thereupon
the strain hardening index for each msterial was quantified at three levels of
strain rate performance, representing low-, intermediate~, and high-order
magnitudes (Table 10) from which the net changes (%) in the strain hardening
index was computec over the maximum span of strzin rate data available.

As a result of this computation, each material was rated in descending order
of strain hardening influence as shown in Table l1. The 8Mo-1/2Ti uranium ailoy
was the most sensitive to strain hardening behavior, registering a net change of
-89,6%. the negative sign indicating that the strain hardening slope decreased
with strain rate, thereby signalling the development of a softening process. The
same phenomenon, the inciviency of a softening process, was germane to all the
brittle and tough materia.s evaluated with the exception of the 52100-2 (IQ&T)
alloy which exhibited an increase in slope with strain rate imdicating the develw
opment of a strain hardening mechanism, It is interesting to note the extreme
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Table 9, STRAIN RARDENING REACTION OF MATERIALS AT VARIOUS TEST TEMPERATURES
FOR EACH MATERIAL GROUPING IN DESCENDING QRDER OF SLOPE VALUES

Strain
Strain Rate Test Temp. Hardening
Materijal (Sec-1) {Deg €} Index (n)
U-8Mo-1/2T4 5,30 x 102 +260 -0,109%
8.0 x 10-3 +140 +0,1051

5.5 = 10" +26C 0992

2,27 < 107 -73 L0802

1.4 -73 0758

2.27 = 102 +143 -0,072%

1.4 x 102 + 23 40,0699

2.2 +260 L0670

3.5 +149 L0510

3.7 + 23 0378

1.5 » 10~4 - 73 0262

3.7 < 107 + 23 L3073

4340 0.77 = 10-7 Ambient +0,1110
1.1 Ambient .1080

a2 Ambient 0802

Ti-6A1-6V-25n 1.0 = 1072 Ambient +0,0568
9.2 to 80 Ambient .04B8]

120 to 136 Ambient 0452

Ti-6A1-4V 4.6 ~ 1073 Ambient +0,0773
27 to 50 Ambient .0670

o8 to 109 Ambient L0553

52100-1 4.0 to 60.0 Ambient +3.0349
52100-7 60 Ambient +0,0875
2.4 Ambient .0670

4,0 = 10-3 Ambient .0524

52100-3 4,0 x 10-3 Ambient +0,05€8
2.5 Ambient .0568

37 Ambient .0568

HF-1 (Type 1) 3.0 x 10-3 + 23 +0.1228
9.2 =136 .0904

4 + 23 079

4.2 = 102 -116 0693

4.5 . 102 + 23 L0553

HF=1 (Type 2) 2.2 -116 +9,1558
2.0 ~ 1073 + 23 1184

0.56 + 23 .10e5

5.3 « 107 + 23 1095

5.2 x 10¢ -116 .0978

HF-1 {Type 3) 2.04 =116 +(3.2156
2.0 = 1073 + 23 1778

4.6 + 23 1778

2.9 = 1062 + 22 L1659

3.40 x 10 -116 1928
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Table 10, RELATIVE STRAIN HARDENING BEHAVIOR OF VARIOUS
BERITTLE ARD TOUGH MATERIALS DETERMINED FOR THREE LEVELS
OF STRAIN RATE AT AMBIENT TEMPERATURE (~23 C)

Strain
Levels of Strain Rate Hardening Test
Strain Rate {Sec-1) Index (n) Material
High 2.9 x 102 0.71653 HF=1 (Type 3)
1.1 = 107 to 5.3 x 102 . 1095 HF-1 (Type 2)
5.3 x 102 sec? 4.5 x 102 .0553 HF-1 (Type 1)
1.1 = 102 L0553 Ti-6A1-4y
1.4 x 102 .0452 Ti-6A)1-6Y-25n
3.7 « 107 0073 U-8Ho~-1/2T1
Intermediate 4.6 0.1778 HF=1 {Type 3)
2.4 to 60 sec”! 60 .0875 52100-2
42 .0802 4340
49 0729 HF-1 (Type 1)
9.2 to 60 .0568 Ti-6A1-6V-25n
2.4 to 37 .0568 52100-3
27 to 50 .0553 Ti=6A1-4Y
3.7 .0378 U-8M0-1/2T71
4.0 to 60 .0349 52100-1
Low 2.0 % 1073 0.1778 HF-1 (Type 3)
2.0 x 103 to 3.0 x 10-2 .1228 HF-1 (Type 1)
1.4 x 1072 sec-1 2.0 x 1073 1184 HF=1 (Type 2)
0.77 = 1072 1110 4340
4.0 x 1073 0773 Ti-6A1-4Y
1.4 x 10°? 0699 U-BMo-1/2Ti
1.0 x 1072 .0568 Ti-BA}-6Y-25n
4,0 x 1072 N568 52100-3
4.0 x 103 .0528 52100-2

range in the strain hardening susceptibility developed by the 52100 steels; the
alloy in the grain boundary embrittled high temper condition (IQ§T) was ranked
second, whereas the alloy in the normalized condition (Norm§T), which remained
neutral to strain hardening effects, was ranked last.

I» view of the fact that mechanical tests were performed with the U-8Mo-1/2Ti
alloy at various temperatures, ranging from subzero to elevated, the effects of
temperature on the strain hardening characteristics of the material could be
studied in detail, The strain hardening index versus strain rate as a function
of temperature was initially plotted in semi-logarithmic coordinates to graphi-
cally demonstrate the influence of temperature on the strain hardening behavior.
By noting the slopes of the curves developed in Figure 13a and the rate of change
of these slopes relative to ambient temperature (+23 C) as given in Table 12, the
results could then be interpreted in terms of the influence the various tempera-
tures exerted on the development of a hardening or softening process,

From Figure 13a, it is evident that at +23 C the strain hardening index for
the uranium alloy behaved linearly throughout the entire strain rate range, whereas
at elevated and subzero temperatures the data suggested that a dual sloped curve
would more accurately define the strain hardening reaction occurring under low-
order and high-magnitude strain rate conditions. Since the transition point of
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Table 11, EVALUATION OF STRAIN HARDENING CHARACTERISTICS QF vARIOUS
BRITTLE AND TOUGH MATERIALS IN DESCENDING ORBEIR OF INFLUENCE
DETERMINED AT AMBIENT TEMPERATURE (~.23 C)

Strain Hardening Index for Net Change in
Three Levels (L,I,H)* of Strain Hardening

Strain Rate Index, Percent? Influence
Test Material n, n; ny (X*-n,/ny) = 100 Rating
U-8Mo-1/27i 0.069% 0.0378 0.0073 -89.h A
52100-2 (1Q&T) .0524 0875 - +67.0 8
HF-1 {Type 1) .1228  .0729  ,0553 -55.0 c
Ti-6A1-3V 0773 .0553  .0553 -28.4 D
4380 (Q&T) e .0802 - -27.7 £
Ti-6A1-6V-25n .0868  .0568  ,0452 ~20.4 F
HE-1 (Type 2} .1184 - . 1095 - 1.5 G
HF-1 (Type 3) L1778 ,1778 1659 - 6.7 H
52100-3 (NormaT) .0568 058 - 0 !
52100-1 (108T) - .0349 - - s

*L - Low values of strain rate (2.0 x 10=3 to 1.4 = 10? sec”!).

Intermediate levels of strain rate (2.4 to 60 sec~l).

High magnitudes of strain rate (1.1 x 107 to 5.3 « 107 sec™!),
Strain hardening index, n; or n;, selected to yield maximum range
of extant strain rate data.

tNegative numbers are indicative of softening process whereas
positive numbers relate the strain hardening characteristic,

ot rated due to insufficient comparable data.

e 0 e
1§ 1 ¢

these discontinuous curves occurred at a strain rate of approximately 4.0 sec-!,

equal consideration was given to the influence generated above and below this
value,

It can be hypothesized from the data, as presented in Table 12, that under
the influence of the subzero and elevated temperature environment, at low-order
strain rate conditions, a strain hardening mechanism predominated, whereas at
high magnitudes of strain rate the development of a softening process prevailed.
As a result of the elevated and subzero temperature input, under low-order strain
rate conditions, the following significant changes in the strain hardening charac-
teristics of the uranium alloy relative to ambient temperature (+23 C) was noted:
(1) an approximate threefold increase in strain hardening was incurred at the sub-
zero temperature of -73 C; (2) a substantial decrease in strain hardening of the
order of 50% was realized at the elevated temperature of +149 C; and (3) a rela-
tively insignificant change (7.6%) occurred at +260 C. At high-magnitude strain
rates, irrespective of the fact that the maximum sensitivity levels encountered
were significantly greater than that achieved at low-order strain rates, the
susceptibility of the strain hardening behavior to temperature variations was
quite comparable at both elevated temperatures; in contrast, at the subzero tem-
perature of -73 C, the influence of temperature was much less severe (by a factor
of approximately 1/3) than that determined at low-order strain rates.



CTTEE DT W] T SRR T N re————8

TE T TR

r

Table 12, EFFECT OF TEMPERATURE ON STRAIN HARDENING BEWAVIOR
0f GAMMA-STABILIZED U-8Mo-1/2T4

Rate of Change of Strain
Strain Hardening Change in Strain Hard- Hardening Index Slope, Per-
Index Slope m, at ening Index Slope cent,** Relative to Ambient

Test Strain Pate, R, iEmp*-m.* at Strain  Temp., (23 C) at Strain Rate,
Terp., (Sec*1) . Rate, R, {Sec-!) R, (Sec~}) (sm/my) = 100
{Deg C) + Ry R+ R+ Ryt R4
+ 23 (T,) «0,1346 -D.1346 - - - -
- 73 (T,) +0.270% +0.0306 +0.4051 +0.,1652 «301 =123
+149 (T.) -0.2035 -0.6787 -0.0689 -0.5441 + 51 +4D4
+260 (T,} -0.1243 -0.7468 +0.0103 -D.6122 -7.6 #45%

*mn ¥ corresponding slope at temperature, T,, 75, T,

m, = slope at temparature, T. = -0, 1346

-5.5 « 1072 £ Ry g 3.7

3.7 > Rp £ 5.2 = 102

**Negative percent values indicate the required Ziuave i3y polarity of the
reference slope at 23 ¢ (T;)

Since the uniaxial tension tests performed with the HF-1 steel in the three
heat-treated conditions were conducted at +23 C as well as -116 C over the same
strain rate spectrum, the influence of the subzero temperature on the strain
hardening phenomenon of this alloy relative to ambient temperature (+23 C) could
be thoroughly analyzed, By plotting, on semi-logarithmic axes, the strain harden-
ing index against strain rate as a function ¢f temperature, it was apparent from
Figure 13b that the relationship between the strain hardening characteristic and
strain rate was essentially linear for all three types of HF-1 at both subzero
(-116 C) and ambient (+23 C) temperatures. Moreover, Figure 13b illustrates
graphically the negligible temperature effects on the strain hardening behavior
of Type 1 material as well as the dramatic sensitivity exhibited by Types 2 and 3
to the temperature influence. Figure 13b also exposes the development of a soft-
ening process for all three types of HF-1 steel when the temperature was held
constant at ecither +23 C or -116 C; however, the severity of the resulting process
reacted anomalously for each type with temperature, i.e,, at +23 C, the HF-1 steel
in the three heat-treated conditions was ranked in the following descending order
of sensitivity: Types 1, 2, and 3, whereas at -116 C the ranking order was re-
versed. On the other hand, the degree of severity for the relative ranking posi-
tions was on the average approximately 11 times as great at -116 C than at +23 C.

Referring to Figure 13b, since the slopes of the strain hardening index

curves obtained at test temperatures of +23 C and -116 C were essentially parallel
for the HF-~1 steel alloy having the tempered martensite microstructure with grain
boundary network (Type 1), it can be postulated that the temperature influence on
the strain hardening characteristic of this alloy could well be ignored. The rate
of change of the strain hardening index slope for Type 1, referenced in Table 13,
was indeed small enough (3.6%) to be virtually discounted as a contributing factor.
The HF-1 alloy in the isothermally transformed to coarse pearlitic microstructure
(Type 3) was extremely sensitive to the subzero (-116 C) temperature influence,
wherein the strain hardening characteristic decreased by a phenomenal factor of
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Figure 13. Influence of temperature an strain-hardening behavior

Table 13, EFFECT OF SUBZERD TEMPERATURE {-116 C) ON STRAIN HARDENING
BEHAVIOR OF HF-1 STEEL IN THREE HEAT-TREATED CONDITIONS

Strain Hardening lndex Rate of Change of Strain
Slope m, at Temp., T Change in Strain Hardening Index Slope (')

23 ¢ -1i6 € Hardening Index Relative to Amhient Temp.
Material m- m Slope, sm*sm-m, (23 ¢), (m/m ) « 100
Type 1 -0.1228 -0.,1272 -0.0044 3.6
Type 2 -0.0160 -0.2385 -0,222% 1391,
Type 3 -0.0087 -0.4176 -0.4089 4700.

*Slopes determined in the strain rate range covering
2.0 = 1072 to 5.3 « 10¢ sec~!
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47. Type 2, the zlloy having the conventional tempercd mwartensitic microstructure,
was highly susceptible to low temperature effects yielding a substantial strain
hardening attenuation factor of approximately 14, irrespective of the fact that

it was 3.4 times less scnsitive than Type 3.

CONCLUSIONS

The influence of strain rate on the mechanical properties of brittle and
tough materials tested at room tempersture coveriig the strain rate spectrum from
1073 to 5.3 x 10° sec”! is summarized as follows:

1. The gamma-stabilized 8Mo-1/2Ti uranium alloy was most sensitive to strain
rate effects, being almost twice as susceptible as the next ranking material,
namely, the HF-1 steel alloy having a tempered martensitic microstructure with
grain boundary network (Type 1). In contrast, the 52100 steels, for both the em-
brittled and normalized conditions, were least affected by strain rate variationms.

2. Both the yield and tensile strengths increased with increasing sirain
rates for the 4340 (Q§T) steel; the HF-1 steel, in the three heat-treated condi-
tions; the two titanium alloys (6Al1-6V-25n and 6Al1-4V); and the ::ranium alloy
(8Mo-1/2Ti). The yield strength of the 52100 steel in the high-temper grain bound-
ary embrittled (1Q&T) condition decreased moderately with strain rate, whereas in
the normalized (Norm&T) condition the reverse was true, i.e., a moderate increase
was noted as the strain rate increased. The tensile strength of this 52100 alloy,
in both the embrittled and normalized conditions, exhibited a relatively constant
value over the strain rates investigated,

3. True fracture stress increased markedly with increasing strain rate for
~he two titanium alloys, the uranium alloy, and Types 2 and 3 of the HF-1 steel,
The remaining steel alloys: HF-1 (Type 1), 52100, in both the embrittled and nor-
malized conditions, and the 4340 (Q&T) maintained a fairly constant strength level
over the strain rates examined.

4. The modulus of elasticity in tension increased significantly with strain
rate for the U-8Mo-1/2Ti alloy, the 4340 (Q&T) alloy, and the HF-1 steel in the
three heat-treated conditions., The modulus value behaved linearly for all three
types of HF-1 steel with the rate of increase being approximately equivalent for
all conditions, However, for the 4340 steel and the gamma-stabilized uranium
alloys, the increase in the tension modulus was moderate from quasi-static to
approximately 1.0 to 3.0 sec~! with a marked increase occurring at strain rates
above this transition range. The 52100 steel, in the grain boundary high temper
embrittled (IQ§T) and normalized (Norm&T) conditions, was relatively insensitive
to strain rate as evidenced by the fact that the modulus response was essentially
flat with respect to strain rate. In the case of the titanium alloys there was a
contradiction of results; for the 6Al-6V-2Sn alloy the modulus increased mcderately
with increasing strain rate, whereas the 6Al1-4V alloy exhibited a decrease in this
characteristic with strain rate.
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5. The ductility, as measured by the reduction of area, varied essentially
monotonically with strain rate for all the alloys tested except U-8Mo-1/2Ti., A
marked loss in ductility was noted for this uranium alloy when the strain rate
increased from approximately 10¥ to 5 < 107 sec~!,

6. The U-8Mo-1/2Ti alloy was the material most scensitive to strain harden-
ing behavior, wherein a significant decr-ase in the strain hardening index occurred
with increasing strain ratce thereby signoliing the development of a softening
process. ‘This phenomenon was pcculiar to all the matericls evaluated with the
exception of the 52100-2 (1Q&T) alloy which exhibited an increase in the strain
hardening slope with strain rate thereby indicating the development of a strain
hardening mechanism, Least influenced was the 52100 steel in the normalized
condition which remained neutral to strain lLardening effects displaying no change
in the strain hardening indecx with strain rate, The titanium alloys and the two
HF=1 steel ailoys (Types 2 and 3) showed a significant increase in flow stress
but no apparent change in fracture behavior,

The following summarizations are made on the cffect of strain rate on mechan-
ical properties of selected alloys at various test temgeratures within the limits
of the strain rates studied for 107% to 5.3 x 102 sec™!:

1. For the HF-1 stecl, in the three hcat-treated conditions at the test tem-
perature of -J16 C (-175 F):

a. Yield strengths werce sensitive to strain rate; the strength levels
for all three conditions increcased moderately with increasing strain rate. For
Types 1 and 3, these values parallicled and were slightly higher than those ob-
served at room temperature; for Type 2 the levels obtained were significantly
greater than room temperature results purticularly at high-order strain rates,

b. The tensile strength and true fracture stress were unaffected by
strain rate. The values at the subzcro temperature remained constant over the
strain rates examined and wewre infer'or to room temperature results at relatively
high-order strain rates, tne degradation in performance becoming progressively
greater as the strain rate cxceeded approximately 30 sec™! in the case of the
true fracture stress and 107 se¢™! for the tensile strength,

c. The modulus of clasticity in tension was quite sensitive to strain

rate, particularly for the high strength-high ductility conditions (Types 1 and 2)
which increased markedly with increasing strain rates, The tension modulus deter-
mined for the high strength-high ductility tempered martensite steel (Type 1) was
much higher than the corresponding values obtained at room temperature, particu-
larly at the high strain rates, in contrast to the results with the low strength-
low ductility coarse pearlitic specimens (Type 3) wherein the modulus was sharply
attenuated throughout the ruate range investigated.

d. Based on the limited data available, ductility was hardly affected
by strain ratc cxcept for the incompletely austenitized condition (Type 1) which
cxhibited a pronounced decrease in ductility with increasing strain rate. In
comparison with thc room temperature data, a severe loss in ductility was noted
in all cases.
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e. In general, the strain rate sensitivity decreased as the temperature

decreased from +23 C to -116 C with Type 3 being least affected by strain rate
variations.

f. At low-order strain rates, the temperature influence on the mechani-
cal property results of Type 3 material was approximately 64% greater than that
of Type 1. The temperature interaction resulting at high-order st+-ain rate
conditions, even though the levels of susceptibility were higher than those
attained at low-order strain rates, was quite comparable for all three types,

At higk-order strain rate conditions the three types of HF-1 steel were ranked

in the following descending order of susceptibility to the subzero temperature
change: Types 1, 3, and 2, For the allcy having the tempered martensitic micro-
structure with grain boundary network (Type 1} the temperature effects at high-
order strain rates were approximately twice (1.94) that occurring at low-order
strain rates. However, temperature effects on the alloy in the isothermally
transformed to coarse pearlit. microstructure (Type 3) were relatively indepen-
dent of strain rate wherein a negligible difference of only 5% was realized.

g. The incipiency of a softening process was revealed for all three
types of this material, The strain hardening characteristic n for each type
decreased significantly with increasing strain rate; as a consequence of the dif-
ferences encountered in the rates of change in the strain hardening characteris-

tics, Types 3, 2, and 1 were ranked in descending order of sensitivity with respect
to strain hardening behavior.

h. Analysis of the influence of the subzero temperature on the strain
hardening phenomenon exposed the negligible temperature effects on Type 1 in comn-
trast to the dramatic sensitivity exhibited by Types 2 and 3, Type 3 was extremely
sensitive to the subzero environment wherein the strain hardening characteristic
decreased by a factor of 47 relative to room temperature results.

2. With respect to the performance of the 8Mo«1/2Ti uranium alloy at test
temperatures from -73 C to 260 C:

a, Yield strength, tensile strength, and true fracture stress were quite
sensitive to strain rate; all strength values, independent of temperature, varied
with increasing strain rate in a consistent manner. Within the temperature and
strain rate spectrum investigated, all strength levels, at constant strain rates,
increased continuously with decreasing temperature.

b, Overall, the tension modulus was significantly influenced by strain
rate variations, The modulus of elasticity, independent of temperature, increased
with increasing strain rate. At low-order strain rates, from quasi-static to
approximately 3.0 sec™!, the modulus increased moderately at all test temperatures,
the rate of increase being relatively proportional; for the higher strain rates up
to 530 se<*! the modulus increased markedly at temperatures from -73 C to 149 C,
whereas at 260 C it was essentially neutral. At strain rates above 3.0 sec”l,

the rate of increase of the modulus became more pronounced as the temperature de-
creased from 260 C to -73 C.
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¢. Ductility was critically dependent on strain rate as well as tempera-
ture., At each temperature level, with the exception of 260 C where an incremental
increase was noted, the loss in ductility was more pronounced at *h: high orders
of strain rate, The degradation in ductility from the temperature variation con-
tribution exceeded that caused by the strain rate effects alone, under maximized
conditions, by a factor of approximately 3:1.

d. The effect of temperature on the strain rate sensitivity of this
gamma-stabilized alloy decreased as the test temperature decreased with a negli-
gible change (5.7%) occurring froa *149 C to +23 C. As the temperature increased
from +23 C to +260 C, the strain rate influence increased by approximately 80%,
whereas from +23 C to -73 C there was a decrement of approximately 50% in the
sensitivity indicator,

e. The extent of tempervature effects, at constant strain rate, on the
mechanical property results indicated that the temperature influence, under quasi-
static strain rates, remained fairly constant as the temperature either increased
from +23 C to +149 C or decreased to =73 C but a moderate change (38%) was real-
ized when the temperature increased to +260 C. In comparison with the low-order
strain rate results, the temperature effects, under dynamic loading rates, were
much more pronounced at elevated test conditions, whereas a relatively modest
change occurred at the subzero temperature,

f. As a result of the elevated and subzero temperature input, under low-
order strain rate conditions, a strain hardening mechanism predominated, whereas
at high magnitudes of strain rate the development of a softening process prevailed.
At low-order strain rates, the following conclusions can be drawn pertaining to
the influence of elevated and subzero temperature changes on strain hardening
behavior: (1) an approximate threefold increase in strain hardening was incurred
at the subzero temperature of -73 C; (2) a substantial 51% decrease in strain
hardening was realized at the elevated temperature of +149 C; and (3) a relatively
insignificant change (7.6%) occurred at +260 C. At high-magnitude strain rates,
strain hardening was drastically reduced by a factor of the order of 4.0 to 4.6
at both elevated temperaiures; in contrast, at the suhzero temperature there was
an approximate 125% increase in the strain hardening characteristic,
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APPENDIX A. TABULATION OF TEST DATA AND TRUE STRESS-TRUE STRAIN RESULTS

Table A-1, UXPERIM{NTAL TEST OATA AT ROOM TEMPERATURE

A AERARAN & L ot

TR R R T A e

True
Tract, (HE N Yield Strain Tensign
Test Stress  Str. Str. Rate Modulys R.AL
Material Spec,  {ksi) fesi}  (ksi)  (sec”:} 10 {psi) 1)
4340 Stee!
(087} i 255 156 138 0,0079 0.8 £9.5
2 225 148 130 Q.0070 3.z 59,1
3 267 158 135 0,008} 30.8 60.3
4 - 160 181 1.13 32.9 62.8
5 247 163 141 0,85 32.2 61.2
[ 742 188 145 .18 33.0 60.3
7 234 161 149 36, 36.% 61,2
8 248 173 158 52. 38.6 60,3
g 248 - 159 36, 37.6 60.3
52100 Steelc
=1 {1087} 1 190 178 - 4, - 14,0
2 191 164 - 60, - 17.9
-2 (IQaT) 1 224 - 186 1,7 3n.0 4.6
2 220 179 178 0.004 30.9 23.5
3 - 186 123 3.1 30.¢ -
4 227 182 146 55, 30.4 21.2
S 2! 164 - 68, - 2.1
-3 {NormkT) 1 208 185 146 0,004 30.8 14,9
2 207 189 97 1.9 - 14,0
3 203 191 103 2.8 - 15,0
3 - - - - - -
s 206 178 - 41, - 16,0
6 211 156 153 33, 30.7 17.%
Ti-6A1-4V 5 218 6% 158 0,004 20.4 48.5
2 209 167 158 L7 20.4 45.7
7 205 168 164 2.8 19,5 4.1
4 220 174 167 3.8 20.6 44,6
12 218 172 162 10. i9.8 51.5
6 231 183 171 27. 193 46,9
3 229 184 169 50. 19,1 45,8
9 256 216 - 88, - 48.0
10 252 208 - 68, - 50,9
1" 27 22 - 109. - 50,8
Ti-6A1~6Y-25n 16 218 - 174 0.010 18.7 2.2
17 212 - 174 014 19.2 19.0
24 244 207 189 015 19,8 25.8
14 233 186 - 21 - 1.3
13 243 120 - 21, 26.8
22 2 212 204 9.2 21.3 30.2
1o 264 261 2N 136. 20.3 31,2
20 249 23 207 60, 20.7 36.8
21 280 233 - 120. - 33.5

Preceding page blank
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! nF-l Steel

| Tepe 23 1= 226 162 3 AR s Vo4

! 1-u 218 161 136 R i1, 4 i

' i-10 23 187 1L oo LR [}

: 1-5 210 180 - L7113 - z

! 1-11 . - X N 2.5 .4 1
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: -2 202 l
; 2-3 216 j
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;. -46 =15 213

|

201 03 a0 .

FISF IS 0 0.6 in.g

o 10 3 139 a5

Tyge 5 . 23 110 16T A ey A 1.

¥ dghe 149,84 14 ee

-r 0 ten7  ies1 3T 29

P 3-7 1950 176,53 1904 3.7

' 16 1852 1629 9.1 4 w8

| 17 1984 'shlé 106t 186, 3.3

% -7 13 1606 1%6.4 lI X6 L
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g e T
z
v
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143 i-4 145
1.3 138
| > 153
3
i -6 T
; 3t 1nm
: 2 136
d -1 - - - - - (
| 73 1.4 71 21 .14 ! A
! f-1 152 122 .oa1a 10,2
} - 127 155 . 163
: -1 174 153 12,7
-2 208 138 AL .
4.9 My RRE 19,7 21
.73 (4 s HY3 12.n 12,1
a7 199 150 12,7 26.3
-3 02 155 1.7 3.9
5-3 215 0 5.9 R
a-2 29 - - - - 1.9
i z=1 210 245 04 2 c.a
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True i train I True True Strain
Strare Ttres. Vite Ltrain Stress "ate
Miterial fin S50, . e femg=-} ofinc/an,} {rsi) A
.. ' . E
2340 steel
(8T} PR 5 1= 2,0579 0.60439 1 0.845
L5k st 073 037 164 145
L9034 JbE e P2 T 946 247 1)
. 00417 130 00 i 004 145 i 18
L0291 14 0070 i 0204 158 1.0
L2 205 00726 7 .92y 24z [T
L3 114 081 . L3081 3 6.4
L0352 154 .00R1 . L0230 16! 36,4
Ve se7 . Q081 L3456 ¢34 3.8
00439 141 s 0041 158 £2.5
DD 16) 1.1 056 173 5¢.%
; 0047 149 36,5 925 o4 82.5
. 905 24y 36.5
22100 Steels
-1 (1047) 0,003 (F 3, 1.0033% 164 60,
150 o0 4, L1499 191 €9,
-2 (1Q47T) 7,005¢ ‘7 J4.704 .01ed w2 55,
247 ren 0N il X {21 [
004 123 P e 27 LE
JINE I8 1.7 04 S04
it 6 ot L0n4r 14¢
Zat 28 1.7
-3 Yormg7)’ 3.007 14t 5,004 LN4g 153 33,
020% [ 008 R Bl 17 a1,
Li50 oo oo 087 16 i3,
R T 1.9 17~ 'S 3,
RPN I Pl 1y 33,
RIR N 1%
i RT] 2.
Tr-Balag; i LN sk a,90796 m AN
167 L Myl ] v 220
&1 03 €32 234 242
Ht 27 LN6G 169 13,9
Te.} N7 JAlEG i 49,9
3 17 Rl 2 49,6
147 3.75 LREF 1L Bl
iid :.75 LERE CEE 2
22% .75 013 795 .
164 i, AL &Y N
172 11, 0016 212
714 i, L7 ah
164 e 35
160 v,
o T
Ti~GAlefy=Z%n 11093 171 o104 1.1104¢ 704 LN
: W3 S L0104 R &N 5
N9 174 0136 “h9 ;3¢ 4.7
el Ry L0136 1175 N i,
5096 14 mLsD Sitdd R P36,
: 0245 N7 L0150 3720 <64 Tit.
! 297 a4 L1150 L] 57 -5,k
’ 123 TEe ;.14 Sty JaF -
; 375 N3 2.4 1) 245 e
: 051 'Sl ) ,nai 73 121
i 312 244 1.8 . Qi iy '3
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Table A-4. TRUL STRESS-TRUL STRAIN RLLULTS TAKLN

Steed

AT JARYING TLSTING JEMPRRATUNLS

a. M-l
Type 1 Type 2 Type 3
Test True True 3train i rue True Strain True True Strain
Temp, ; Strain  Stress Rate Strain  Stress Rate Steain  Stress Fate
{deg C)i{in./in.} (ksi) {sec-!) (in.zin,) {ksi} {sec™?} Lin /ing} Dvsiy cectt)
23 0,0030 103.0 3.003 0.0039 123.2 0.001 a.76 7.6 002
L0625 172.7 L0902 2754 202.2 001 A6 153.9 002
23920 226.0 003 L0037 124,32 .002 1780 16305 L0G2
.0044 136.2 .003 L0653 188.4 .an2 0025 74.4G 021
0700 172.8 .003 L3535 26,1 .002 L0540 157,/ o2
23293 2i8.0 003 L0041 129.6 008 .N926 163,82 021
0037 155.8 .583 L2192 2.2 008 024 90.9 .510
.0583 195.0 .383 0037 143.2 . 560 053¢ 178.4 .510
L3839 223.1) .582 L0594 198.5% . 560 0825 1837 510
0618  191.5 19 L4504 243.7 . 560 .31 1C0.7 4.64
L3045  210.4 19 L0031 1340 1,29 .4 8. 4,64
0043 1470 5.21 L0618 223.5 =,2% ) L1020 195.0 4.64
.0641 200.2 5.¢l . £ 2680.4 4,29 ; L0024 39,3 40,6
L3877 218.5 5.21 L0061 156.7 532, . .0720 175,1 40,5
.0083 154,249, L0720 225.3 432, ;o .0926  185.2  40.6
L0994 192.9 49, .3408  2%2.6 532. i L0034 118.4  286.
L3083 214,649, 0037 128.4 2702 i 0606 197.2 286,
L0055 170,00 408, L0224 205.9 27.2 L0980 198,84 286,
.0043  185.6 445, 3134 2418 27.2
0675 210.8 445,
. 250 231.5 445,
-46 0.0049 170.1 252.
1340 212.8 2t2.
-62 G,0034 12,1 306,
0212 1537 306.
L0266 160.6 306,
-13 0.0955 187.5 320,
L1293 218.7 320.
-116 0.0049 164,1 9.19 0.0043 147.0 2.23 C.0331 100.1 2.04
L2822 231.8 9,19 L0426  209.4 2.23 L0331 168.0 2.04
. 0061 175.8 420. L0043 170.0 245, .N392  168.9 72.04
116 214.7 420. 0373 210.9 245, .03 180.3 2.24
174 241,745, L0037 124.2  340.
L0043 171.6 536 .Nad2  169.7 340,
i 237 225.7 516, L0440  170.4  340.
l 171 23.4 516.
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Table A-4. {(Cont'd)
b. Uranium Allgy 8Mo-1/2Ti
Test l True T ue Strain True True Strain
Temp. Strain Stress Rate Strain Stress Rate
{deg ) | (in.fir,) (ksi} (sec~!} {im./in,)  (ksi} {sec~1}
260 0.014¢9 192,9 531, 0.837 137 1.85
.749 124,2 531, 00499 64.4 .0053
.G0654 95.9 Z.50 .1506 83.6 .0053
00748 100.0 2.50 .7318 115.9 .0063
708 122.8 2.50 .00a39 64,3 .00%5
00623 88.: 1.85 1750 82.0 . 00565
.00748 30.9 1.85 .6200 104.5 00565
149 0.0135 196.6 277 0.01124 93.1 0.00814
437 158.5 277, 7617 138.1 L0083 4
L0130 197.¢ 176, .007% 1101 LN
.387 148.5 176. L0 115.5 3.71
.00748 Q1.5 .00795 .825 153.4 .n
00995 97.7 00795 00837 11,6 3.37
. 7659 150,0 00795 .0103 117.3 3.37
.06748 88.2 00814 500 131.0 3.37
23 2.0124 156.6 2.45 0.00936 1221 0.01a
0134 16¢.4 2.45 018 1351 .014
.53 186.6 2.45 L5814 170.8 .04
0117 160..2 5. .09935 199.5 40€,
01 166.3 5, 0334 209.7 406.
.40) 174.4 5. W30 207,7 406,
00998 123.4 Na 0124 20,7 333,
0124 132.3 Ry 0173 2221 333,
L4867 164.0 014 .241 2.8 3330
=23 6.00P7 206.0 227. 0.3045 189.8 0.016
.0554 237.8 227. L0161 168.0 1.39
.0i35 167.4 0's 0165 179.3 1.39
.198 174.3 015 L1047 201.9 1.39
.1089 168.3 035 0161 173.2 1.42
L0135 170.8 016 .0164 184.4 1.42
.0198 177.7 01s .225 215.2 1.42
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