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ABSTRACT

This report is a survey of the available literature on the observed
effects of strain rate on the mechanical properties of metals at elevated
temperatures. The range of strain rates included in this survey is from
10 & sec-1 to 103 sec-1, and the range of temperatures from room tempera-
ture up to the melting point.

The compiled data and the reference sheets included in this report
should be useful as a quick reference on the experimental investigations
carried out to date in this field, as well as a source for quantitative
infoimation on the rate dependence of the mechanical properties of metals
at elevated temperatures.
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SECTION I

INTRODUCTION

This survey is a compilation of the experimental data available in the
literature on the combined effects of strain rate and elevated temperature
on the mechanical properties of metals. It is not intended as a critical
survey but only as a list of references along with brief statements of
materials, methods, and results.

As of this writing the state-of-the- art in high strain rape testing
is well documented in the recent review article of Lindholm [1l°' and in
the literature survey of the rate dependent strength properties of metals
by Lindholm and Bessey (2). However, in [2), the survey is limited to
room temperature work and for many purposes data are required on elevated
temperature behavior as well. Accordingly the present survey was under-
taken to provide data on the combined effects of elevated temperature
and strain rate. The data collected are presented in tabular form for
the convenience of the reader. The documentation should serve as a source
for quantitative information as well as a guideline for further work.

p¢

Number in brackets designate references in Section VI.
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SECTION II

LIST OF INVESTIGATIONS ON THE COMBINED EFFECTS

OF STRAIN RATE AND ELEVATED TEMPERATURE

ON THE MECHANICAL PROPERTIES OF METALS

The investigations are listed chronologically in the following table,
which also presents a list of the materials tested, the range of strain
rates and temperatures covered and the maximum strain attained.

More details about cach investigation are presented in Section III,
while illustrative data for each material tested are gathered in Section IV.

2
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SECTION III

RIVIEW OF EXPERINENTAL INVESTIGATIONS

For quick reference, and to supplement the illustrative data in
Section IV, the investigations at high strain rates and elevated tem-
peratures referred to in this survey are summarized in the present section
in a much reduced form.

Each reference sheet in this section presents details concerning
the test technique adopted, materials tested, specimen shapes, dimensions
and heat treatment, lubrication and methods of heating and stress and
strain measurement. Illustrations and graphs, reproduced from the
original publications, are also presented. The reference sheets are
classified with respect to the mode of loading used in each investigation,
and further as to whether the experiments conducted were of the dynamic
type (strain rate range 0 .1 to 100/sec) or of the impact type (strain
rate over 100/see).

-I-
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List of Experimental Investigations Reviewed in Section III

Reference Mode of Ref.
Sheet No. Loading Investigator No. Page

1 Dynamic Compression Alder & Phillips 3 11
(1954)

2 Cook (1957) 12 13

3 Arnold & Parker 4 15
(1960)

4 Hockett (1957) 15 17

5 Suzuki et al. (1958) 41 19

6 Campbell & Briggs 9 21
(1969)

7 Green & Babcock 13 23
(1966)

3Impact Compression Suzuki et al. (1958) 41 25

9 Samanta (1968, 1969) 32 27
33

10 Mahtab et al. (1965) 25 29

11 Baraya et al. (1965) 8 31

12 Hawkyard et al. 14 33

13 Chiddister & Malvern 11 35
(1963)

14 Watson & Ripperger 43 37
(1969)

15 Green & Babcock (1966) 13 39

16 Lindholm & Yeakley 22 4
(1968) 41

Lindholm (1968) 214

17 Nagata et al. (1969) 29 43

18 Muller (1971) 26 45

-49-



Reference Mode of Ref.

Sheet No. Loading Investigator No. Page

19 Dynamic Plane Bailey & Singer 6, 47
Compression (1963) 7

20 Bailey (1967) 5 49

21 Dynamic Tension MacDonald et al. 24 51

(1956)

22 Pugh et al. (1961) 31 53

23 Green & Babcock (1966) 13 55

24 Kendall (1970) 19 57

25 Impact Tension Nadai £ Manjoine 27, 59
(1941) 28

26 Lindholm & Yeakley 23 61
(1971)

27 Thiruvengadam & Conn 42 63
(1971)

28 Schultz (1969) 34 65

29 Leech et al (1954) 20 67

30 Impact Shear Slater & Johnson 35 69
(1967)

31 Dynamic Double Shear Campbell & Ferguson 10 71
(1970)

32 Impact Double Shear Campbell & Ferguson 10 73
(1970)

33 Dynamic Torsion Hughes (1951) 17 75

34 Work & Dolan (1953) 44 77

35 Ormerod & Tegart 30 79
(1960)

36 Impact Torsicn Hodierne (1962) 16 81

Dynamic strain rate range : 0.1 - 100 sec

Impact range : above 100 sec-l
- 10 -



Compression ALDER and PHILLIPS (1954), t3)

Apprats:Cam Plastometer: 10 tons capacity; Log. cam: 12.S mmn x 900
Max. c --0.5 (nominal); c' constant true e = 140 sec-l

Mat. : Aluminum - commercial purity; as extruded 3/4" diameter
Copper - phosphorous deoxidized; cold drawn 3/14" diameter'
Steel - 0.17% C; hot rolled I" diameter

Ppc. Cylinders, axis parallel tc extrusion or rolling direction
Aluminum - D0 12 or 18 mm, L =25 mm; Annealed 4000 C x 1 hour
Copper - 12 or 18 x 25 mm; Annealed 600 x 2 liours in vacua
Steel - 12 or 18 x 25 mm; not annealed

(Lubr.t on 2 ends before heating; e Rm temp., Petroleum jelly;
O I"W./4500C, Graphite in Alcohol; 0 > 4I50 0C,'Glass + Alcohol;
when barrelling occurred in a test, results were discarded.)

Heat: Spec. in guarding box heated in resistance furnace (+ argon for steel
spec.), then tested quickly; maximum temperature droz 50C.
Test temp-ierature. Alumiinum, -190/550; Copper, 18/900; Steel, 930/12000C.
Glass lubricants prevented oxidation.

Meas. Instr. - Load - Calibrated optical dynamometer, change in birefringence
created in two glass bloci's was recorded on rotating drum.
-Displ.: from cam design (allowance made for elastic distortion)

4-4

WCW

411

II. *0C.

Flo. O.-P&k fljI stol*,.IWOon Uv W4 04w.1~y~rd w. comvpffas Via 4.BI4d7 (t t t ~ LF.iI

-ii- 4
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TABLE V.-Values of the Index n iii tc Eil£,uaion TIABLE VIi.--Values oJ al III the Eqew11allolo

V.alue of tota C(orampm.ion tf: Value Of , tot 0 ..f r a pre.loa of:
metw Tenop,, Mew 11- P..-.....ILI -'p.

10% to,; 30% 40%ý se0 10. to". 30% 40% 40

Al 18 0.013 0.018 0.018 0.0IS 0.020 Al 18 14,0 17.1 189 208
150 0.022 0.022 0-021 0.024 00.26 150 11.4 13.5 15.0 16.1 17.0
260 0.026 0.031 0.035 0.011 0.041 250 9-1 10.5 11.4 11.9 12.33 50 0.0 -.5 0'001 0 -073 0.0S4 O.-OS 350. ; 0.3 0"9 7.2 i 7.3 7.4

460 01 0.098 0.100 0.116 0-.14 450 3.0 4.3 4.5 4.4 4.3
850 0130 0130 0-141 0-150 015,5 50 2-2 2-4 2-5 2.4 2'4

Cu IS 0-10 002 00 -0 0020- . - _!j- - -. ~
Om 18 0.O10 o4M o0002 o. o00(,0u 18 213-3 40o3 40.0 :.41 5537

150 0-014 0.016 0-020 0,023 0.016 11 23-1 32.4 37-8 41-5 43.5
300 0-016 0-018 0-017 0-025 0-0)24 300 20.2 20.-5 30-21 32.2 34.4
450 0-010 0o004 0o008 0-014 0-631 460 17-0 22.5 25.1 260 2'0U8
600 0050 0.043 0"011 0.056 0-078 000 127 16.8 18"9 19.4 1)0
760 0.090 0.097 0-128 0.18d 0-1S2 750 7- 0-7 10'0 s.5 8.2
900 0-134 0,110 0.156 0-195 0I0N) OW 4.7 6.3 0.1 5.5 ,52

Fe. "30 0.088 0-04 0-014 0-091) 0 -t 10 930 10. 1 0.4 209 ,0
10001 0,08 01I00 0 !00 0,03 0'-22 1000 13'0 15.0 17-3 18- l.[
1000 0,122 010 I17227 0-127 0"1.;) 1060 10-' 12.9 14'0 24 136
1135 0:123 0-129 0"138 0.L.-. 1 0.191 113 9.I 10.5 11-2 110 99
1200 02116 0.122 0-141 0-173 0-0 120 7-6 '0 8.8 '3 7.

.1 4

10

_LA i I .. . . . . .

.3 0 01m 400 "011PIMNOATU04. * C_

ron. 6.--41ft1 m1 of Temp•rature on the Stres Required to Cow.
SAluminium to 20% and 40% Reduction. $train
rate 4.38 see.-'.

is AWMINII TA V'J.- V011194 of Mhe JSlopes of the n/TjM
• ALUPIINcIurvefor Varius Couprcssaoou

£ .• Sfil.Cclm|)r4-N4.-n, % 10 420 30 40 1 60

i-s - 1-- 4 -
It 004 -t 00 0036 0,"i10 I . 15

03- 038 0.41 0.40 053

0 0.1 04 0,4 0. .. 1 1  .Nshe &1011* (U" 0 < VAF < 0- b.

HOMOWGOMU TfOP4ATUII I No Id the *Iopu for 2, > u-43,

Via. 7- Ni•wrdroca of tho Stroin.1tato Ifl0ot on the
11vu#)1ugou* '¢n1cmrIturv for 40% 12(oducLon.
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Dynamic
Compression COOK (1957), [12) 2

Apparatus: Cam Plastometer: 10 tons capacity; Log. cam: 1/4" list x 350

Max. is 0.5 (nominal); s constant true s = 1.5/100 sec

Mat.: Twelve steels; hot rolled bars up to 1 1/4" diameter, annealed

before machining specimens.

S : Cylinders; D = 3/8"., L = 1/2"

[Lubr.: on 2 ends before heating, powder glass in alcohol. Different
types of glass used at different temperatures. Very slight barreling,
neglected in analysis. (v < 0.1)]

Heat: Spec. in guarding box heated in resistance furnace, then compressed
quickly. Test temperature: 900/12000 C.

Meas. Instr.: -Load - Calibrated optical dynamometer, change in birefringence

created in two glass blocks recorded on rotating drum.
- bispl.: From cam design (allowance made for elastic distortion)

UFOI ILAENIN,

Fg 3.17. Sction TI rough Guard-ring Dox, 'ith Srec.,-,i:
ill Postion

Table 3.3. Percentage Glasi Compositionj

Type Lead borate Hard flint Pylex

Used at, deg. C, 900 and 1000 1100 1200E deg,.K 1652 and 1832 2012 2192

Silicon dioxidc -
Boric oxid. 20 12
a zriun, owide. 5"2

a u h P vr. das, Aluni urn oxide
Luri.•lvj mith 1.1;j 0.1w glass . See Table 3.3. c4:.aui3 3.ide 78

e I.u Jri,..,¢d %kth Wead Mrtat pla'i. (4.!U11 oxid e 80

1" ? 3119 .. pvi,.cs Co'npresied 30 r rfont at 1000 deg. C Soiw,n uside 12-3 4
(1832 der. 1PA 'ot,,i.un u'ije 4"0 0'3

"- 13-
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Dynamic
Compression ARNOLD and PARKER (1969), 4 4 3

Apparatus: Cam Plastometer, Const. vel. cams; upward displ of lower
platen is prop. with cam ang. rotation; effective lifts = 1/2, 1/4, 1/8"
Max. c z 0.5 (nominal); i : 1/30 sec-I

Hat.: C. P. Alum. and 5 Alum. alloys;
hot rolled slaos 1 3/4 - 2" thick - ht treated 4 cold rolled to 1 1/4" thicl

Spec.: Cylinders, axis in dir. of slab thickness: D = 0.5", L - 1.0, 0.5,0.25".
Annealed: Al - Mn alloy: 5000 C x 1 hr, all others: 4000 C x 1 hr

Hardness measured after annealing.

(Lubr.: For T < 5000 C: Colloidal graphite suspended in alcohol.
For T t 5000 C: Glass suspended in alcohol.]

Heat: Spec. in guarding box heated in resistance furnace, soaking time: 1/2 hr,
then quickly tested.
Lubricants provented oxidation.
Test temp.: 300, 400, 450, 5000 C

Heas. Instr.: - Load: calibrated wire str. g. dynamometer 4 CR0 -l photo.
- Displ: from canmdesign (allowance made for elastic distortion)

[Correction for frictional effects considered in analysis.
Strain rate was defined as A = 1h/hot)

14

U TfJV
V V

ifoi,majoi, of alumianium nd jii* ,is..iona. nu ,is, The
FirdI01410 ihoisn ofe ruiai*' of Ithe f rr~ac ot dlro s~io. fitte n to

_j adan rat e Aof~ 30 uao h i~ue odfriiin a n/nac to that at J, ifl~jifl./Mt.
F4. 4 Co,.parison of mistaflt so hoA.oviro.s dlfnnini•on of

ai.an.inium end )ft# olur.int ,.u .',,yv. Value# f•.tl to u
d• ma,,nt of O ",. ..|d a 10%i,I ,an, uf o't? tr, 'in..'() Th,
""dinfe Ah5 -s miuanef to difa latn (tono. n').
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Dynamic
Compression HOCKETT (1967), t[151 £4

Apparatus: Caim Plastometer

c :constant true e 0.05/200 sec-1

Mat.: CP Alum. 1100 F (as fabricated temper)

Spec.: Cylinders, no particulars concerning dim, reported.
Annealed: 773 0K x.30 min., furnace cooled

Heat: Done in seatu in a heater. Test temp.: 223, 293, 1473, 6730 K

Meas. lnstr.: - Load: Load cell -* oscillograph
-Can position and tine: Counter used to adjust time base of a time mark
generator, then registers count of 60 pips per r'ýv. 6~eniprated by the cam
in each sec. Pips and time base applied to oscillograph.
Load, tine and cam position are then recorded simultaneously.

(NB. Def. assumed homogeneous and verified by rm.temp mlcrohardness
surveys of sections of spec. tested at various 0 & £ , and optically
by high speed photography compared with grid def. on specimen.]

0
I2 224

S1.20

1313
22

toL3

I1412t

iS 4.0.5:

10- 22 9 oil

11 is * 01
S *73K

I4

I.0 0.1 0.2 0,) 0.4 0.5 0.6 0.7

0.1A A- - I. . , * TRUE $TRAIN, e
0' Ot Ol OS '0'40.6Ol 0.7 Fig. 5-True-streas vs truo-straln curvos for 1100-0 Alu-

TRUE $TRAIN, e minuin at two lower temixp4ratures, 1'ruo-strain rates, 4, and
Frig. 4-True-siress vs trije-matin crves; (o 1100-0 aiu- tomporaturtus as Indicated.
minuin at two toriiparatuive. True-atrait' rates, 4, and ton,
poraturos as indicated. I
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Dynamic
Compression SUZUKI et &1 (1968), (411

Apparatus: Cam Plastometer, 15 tons capacity; Log. cams:, Included anale
360, 720. Max. t = 0.5 nominal ;cwconst. true ca0.1/100 bec:-l,

Mat.: Aluminum, Duralumin, Zinc, Magnesium, Titanium, Copper and Its alloys,
Different kinds of steel.

SPec.: Cylinders, D = 12, L r 18 mm and D u 8, La a 12 mm.

[Lu],r.: e 600: Colloidal Graphite; 600 < 0 < 8001 Lead Glass
0 > 10000 C: Pyrex glass. Degree of barrelling very small.)

Heat. Spec. in a subpress heated in Nichrome furnace for T <i 600 or a
Silicon carbide furnace for T > 600, then transferred quickly to
rn/c. Effect of lubricants at various temps. studied.
Test temp.: Alum., 75/650; Duralunin, 200/500; Zinc, 75/300;
Magnesium, 18/500; Titanium, 18/900; Copper, 18/900; Stools, 800/12000 C

Meas. Instr.: Capacitor strainmoters, for load and strain.
Time: intensity modulation of CR tube.3 traces recorded on film.

[NH. Effect of specimen dimensions and texture on flow stress measured
Wa-s studied experimentally.]

1.2 too'

.4 .

F0.21 TeInw4 0

St6ai R*. (4 0 0.4- Stoso om eca-urt ea

of Oj O.56-ST-e.-9
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Dynamic
Compression CAMPBELL and BRIGGS (1969), Eq 1 6

Aeggratua: Universal rapid load tosting machine, hydraulically operated.
Hex. c a 0.1; Mean j 6 X 10"3/100 sec"1

b.. Niobium (electron beam milted); sintered Molybdenum, 3 mm dia.
Swaged and centreless ground rods.

Spec.,t Cylinders, parted cff by spark machining, D a 3, L a 5 mm
Annealed: Niobiuirt 10200 C x 1 hr in vacuum, furnace cooled;
Holybdenum: 12000 C x 2 hrs in vacuum, furnace cooled.

Heat: Spec. enclosed within a small resistance furnace.
Testing Temp: 77, 292, 400, 500, 6000 K

Heas. Instr.: - Load: strain eauge dynamometer
- Crosshead velocity: with an electromagnetic transducer. Outputs
fed simultaneously into CRO & recorded on film.

Variation of the ,ower Yield Strees of
120 . Niobium with Temperatiire.
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Dynamic
Compression GREEN and BABCOCK (1966), [13) 7

Apparatus: Gas operated device; desired constant strain rate is obtained by
prooer felection of gas (air, helium or nitro en), pressure andorifice
size. c : constant true c a 0.001/100 sec"f.

Hat.: 6061-T6 Alum. alloy; 7075-T6 Alum. alloy;
6A1-4V Titanium alloy; 1-400 Beryllium.

!pe.: Cylinders; Alum. alloys: D = 0.375 x L 0.500 or
D r 0.125" x L = 0.625"

Titanium and Beryllium: D a 0.250 x L = 0.500 or D = 0.125" x L a 0.625"

Heat: A radiant energy furnace with three independently controlled zones is used

to heat the specimen and maintain uniform temp. along its length.
Test temp.: Alum., 72/5500F; Tit. alloy, 72/600; Beryllium, 72/600 I

Meas. Instr.: - Load: Measured by strain gages mounted on an elastic load bar
directly above the specimen.
- Strain: by measuring piston displacement; by using strain gages mounted
on specimen; by using an optical extensometer to look at marks placed on
the specimen.

LOAD BAR

OPTICALSORE --- '
EXTENSOMETEROR

FURNAESSR

Medium Str'ii-:Ihe Machtie

DAMOPER
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o4.

ImpactSZKIe8
Compression SZKetal (1968), [411

Apparatus: . xperimental Drop Hammer.
c= 100/650 sec-

1

Mat.: Aluminum, Duralurnin, Zinc, Magnesium, Titanium, Copper and its alloys,
Different kinds of steel.

Spe-c.: D =12, L =18 mm, and 8 x 12 mm.

[Lubr.: 9 < t0O: Colloidal Graphite; 60~0 < 0 < 800: Lead Glass
6 > 10000C =Pyrex glass. Degree of barrelling very small.)

Heat: Spec. in asbestos heated in llichrorne furnace for T < 600 or a silicon
carbide furnace for T > 600, then compressed quickly in hammer.
Test temp.: Alum, 75/650; Duralumin, 200/500; Zinc; 75/300; Magnesium,
18/300; Titanium, 18/900; Steel, 800/12000C

Meas. Instr.: Load: Capacitor Strainmeter.
- Strain: indircctly through hamme~r displacements by a photoelectric tube
Outputs fed into CR0 and traces recorded on film.

.J ritler IF~

0 200 400 60 se c,
Te -2au.5

Ham. 2. erWriueDpo 0-5 fth oiirs
donStrs. f 6~~C-35~ZnA~os a

30OI

yjg. I-$ Temperaturer Dpop'nc of thein Comhine.

wolght of 113inmer 25, 50kg, \Aurununm
Strain late 700aec'.
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Impact
Compression SAHAXTA (1968, 1969),[32, 333 9

Apparatus: *Experimental Drop Hammier. 1  -
Mean c c for Alum: 110/260 sec-; Copper: 155/600 sec

Hat.: Alum., commercially pure, 20 mm bars. [(3 3
Copper, 99 %, 20 mm bars. [33 J
Steel, 5 different types. (32 3

Spec.: Cylinders, Alum: D = 20, L a 20 mm, Annealed 325 x 1 hr
Copper: 20 x 10 mm, annealed: 6500C x 20 min, water quenched
Steel: 20 Ami dia with different D/L ratios.

Heat: Spec. enclosed in a platinum cylindrical furnace, then transported
through a highly polished shannel to platen and compressed.
Test Temp.: Alum, 250/550; Copper, 450/900; St., 20/10550 C

Meas. Instr.: - Position of tup: with capacitive gauge.
- Retardation of tup: with piezoelectric accelerometer.
Outputs fed into CR0 and recorded on film, as displacement-time and force
time relations for specimen (assuming wave effects in tup negligible.)

[c = velocity/height at any instant, c-c relation was plotted and mean
Integrated value taken as mean

SWIC

IC Sb."I" I ! - IC

61 0 . 0 04 L 04 01 141
kAIURAL COMPRC!A.Z STKAIN YLNtIIV1

Rotation betweei truo comDireiv0o strie and na.tura1 coin-

pressive strahi for high.speed ,tel (4L, 2 at IO,5 C

3101

M(AN $101AIN kAlf,. ?, $cc*,'

Ro~ntioln botw'eentn iro oynvimie cuinj,rrsivo stress andrincanee
strain-r~to for high.N,sle vtoo| (818 022•) tit MOYC.
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[Impact
Compression HAHTAB, JOHNSON and SLATER (1965), [25) 10

Apparatus: Equipment for dynamic indentation, include horizontal air gun firing
0.5" dia cylindroconical projectiles 3 4
Impact vel.= 1000 - 2500 in/sec; ý = 10 /10 soc71

Mat.. Copper and Aluminum alloy.

Spec.: 1.5" square section bars used as targets
Annealed: Copper = 550 x 1 hr; Alum 450 x 1 hr

Heat: Spec. heated and tested in furnace
Test temp.: Copper, up to 600 0 C; Alum. up to 550 0C

Meas. Instr.: - Impact velocity by measuring time between 2 signals from 2
phototransistors 2" apart.
- Diameter of crater on spec., after being cooled. (Correction for temp.
effect on dia. done).

[Mean effective indentation pressure calculated using relation derived
theoretically.
Mean c = '/ = 'v/y; F = 1, v mean indentation speed, y indentation
depth.]

01-11 0,0 00 0e

114Zt - '

bdk ,nw& aJ, i & y U.... . 147 11 10.J' 1

O'4€ •4'"

Relation kbe~uen the logarit., of the crate.r dia.ttee
wnd tempe rature for dile/,, nt it,,pact svloaiaes

-29 -I! - ... . _ . . .
4c " . I i .. *



p I

440

"%%... ..
A NC, I ( 0

U 44 Ie

N% MA WO

600 0S
1CMp(I'AtURC" - *C.

Pi. 12a. Relation between the mean effective dynamic
indentation pressure Pj and temperature

- ,Y' a'

0 Ld

iI

too 00( ,Qo

I:AIU

FPi. 12b. Relation between •.IP, and temperature

- 30.

S a - - - i



Impact
Compression BARAYA, JOHNSON and SLATER (1935), [8 J

Apparatus: Experimental drop hammer,
Tup assembly mass = 15.7 ib; Dropping heights = 5, 7.5 10, 15, 20 ft.
Max. c = variable during test, max mean e = 650 sec"-

Hat.: Super Pure Alum.

Spec.: Cylinders, D = 1", L/D = 2, 1.5, 1, 0.5; annealed at 300 0 C x 1 hr.

Heat: Specimen in subpress heated in furnace to desired temp. ,then quickly
transferred and compressed in hammer.
Max. temp. drop = 50 C
Test temp.: 20, l00, 200, 300, 400, 5000 C

Meas. Instr.: Tup mass and dropping height #ra predetermined before test. Mean
dyn. yield stress Y & mean strain rate c are computed from:

cE/v = (Ln [1/(l-R)) + 6(-HID ER/(1-R)D); 1 =S1.2c/IIR
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Impact
Compression HAWKYARD, EATON and JOIINS014 (1768), C 143 12

Apparatus: Commercial stud-driven gun for fir'"ng flat ended cylin~drical pr'o-
Jectiles (specimens) on a h~rdened steel anvil. 3
Impact vel. % 600 ft/seoc ; ct mean rate v. 5 x 10 sec

Hat.: High conductivity Copper, b.S, 1432
Annealed Steel to B.S. •0 En 2
Bright drawn Mild Steel to B.S. 970 En la

Spec.: Cylinders, 0.370" dia x V" long

Heat: Spec. preheated in an electric furnace to P greater temp. than require•,
transferred quickly within a steel jacket £i:to position and fired after a
predetermined interval when it is expected to reach desired temp.
Test temp., 20, 400, 600, 700 0C.

Meas. Instr.: - Impact vel. before impact: by measuring time interval between
fracture of 2 fine wires in the path of the projectile (wires connected to
microsecond timer).
- Deformed specimen profile obtained using a Shadowgraph..
[Equating K.E., from impact velocity measurement, to mean plastic strain
energy, from spec. p,.,ofile, gives mean eff. yield stress)
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Itfipact
Compression CHIDISTC)R and MALVi:RN (19600) 113 13

.paravust Split HopkLnson pressure bar
"ja-dingt Hye chock tester and striker bar.
C a 300/2000 seac- nearly gonstant during test.
Mlax, C a 0,05 for lowest c, and 0,25 for highest c

Hat,. Aluminum 1100 F, extruded
Sp•e.: D a <t (bars dia.) x L - I Annealed: 4000C x 1 hr

[Lubr.t Powder Graphite% 2500 C , Powder glass + alcohol: S500C
no •y-ote (commerolal Molybdenum disulfidet at other temps.
go barrelling at room templ slight, at higher temp.)

Huatt Electric combustion tube fu~ace, 12" long heating elements,
TC welded to trans,:itter bar . from specimen
Temp. distribution by TC (chromel alumol) 2 inches apart.
Test temp.:30l,50, 250, 350, 450 0C

Haoas. Instr.t 2 opposite foil strain gauges at each station (8 room temp).
Output fed to CRO, signal recorded on film as cI9 cR, CTV

Ct 8 a --- f J(CI1tCcTB .') dt as EB(CTB°sd)
0

TRANSFORMER yijrZ9',OCOU7LE .
4Cl|EI P CSURE POEN1IOMETIR
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Impact
Compression WATSON and RIPPERGER (1969), C43) 14

t~a~atus: Variation of split Hopkinson pressure 'war
Loa-d-ig: Air gun and projectile.
Max 103lO sec-1; variable during test
Max C a0.6%

Eat.: High purity Copper, Iron

Spec.: D ~ L =1'" ; ends lapped; lateral sides grit blasted

Heat: in furnace with 11i" long quartz lamps.
Temp. Control: T.Couple -* temp. controler +~ power controller 4furnace
Test Temp.: Copper and Iron: 78, 400, 600, 800, 10000 .

Meas. Instr.: Thin qua'-tz crystal, for mean stress over cross section
H~jighp. strain gage welded to specimen, for mean strain
Output fed in CR0, signal recorded on film.

[N.B. Since ý could not be maintained constant during the course of a
single test, the values of stress and strain at each strain rate deduced
from several different tests, and therefore from several different speci-
mens of the same material)

PROjECTILE

AIR GUN BARREL
-- - - - - --- - --

E ISTEEL I SOFT QUARTZ or4p psi
LOADING BARI SPEC;M.EN CRYSTALS

WTES$ (MEASURED AT IMPACT 9N1'

MAGNETIC $TRAIN STEEL PLSTIC STRAIN RATE

PROXIMITY: GAGE BACK ---

PICKUPS BAR T1'.0.561%.
TO COUNTER HOT ZONE 0.533% STRAIN (MEASURED 0.r" FROM IMPACT ENDS

QUARTZ CRYSTAL CAPACITANCE I .. sw4...
VOLTAGE DIVIDER NJETWORK jFig. 6-Typical Short~specimen dyflamic-tost results for

.05'a -05,U f~J copper at W1C F

QUARTZ CRYSTAL
OUTPUT VOLTAGES

fig. I-.Schamatic of short.spcclmen impact setup
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Impact
Compression GREEN and BABCOCK (1966), [13) l

Annaratu: Split Hopkinson pressure bar
Load ing: Launch tube a~nd driver bar

50/104 sec-1, variable during test.
C > 0.5

Mat.: Two Alum. alloys, Titaniumn, Beryllium

Spc:Cylinders of different D/L ratios.

Heat: Specimen alone heated in a single zone resistance wire furnace. At testing
temp., furnace is opened and pressure bars movei4 in quickly to compress the
specimen. Insignificant heat conduction losses.
Test temp.: for all metals, 72, 300, 6000F.

Meas. Instr.: 3 strain gages in series at each gage station, output fed to

osTIoscope and recorded on film.

.%TR d ..z ....-.....

50 .1 ... .....

4 2%

r Cl % TRAIN LI
~-'I

§~0 0'~ 06Infln/soc
S30 A 4Fl.¶' 4
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W

Impact LINDHOLM and YEAKLEY (1968), [223
Compression LINDHOLM (1968), [ 21) 16

Apparatus: Split Hopkinson presslire bar

Loading: striker bar producing pulse of constant amplitude
up to lO00 secl

Hat.: 1100 0 Aluminum

Spec.: Cylindrical D = < pressure bar dia.

Ileat: By a cyl. furnace surrounding the specimen, and producing symmetrical
heat gradients along the bars.
Test temp.: 27, 127, 262, 4020 C

Meas. Instr.: Strain gauges at 2 stations, output fed to CRO
EI, CR and cT recorded on film.

(N.B. Recorded strains are corrected using a correction factor

T :(l~c3/4 ~CCa3/)a 2(T-To)/a.e olCT r. (I + ca ), C a za2(- a

based on assumptions of:
- exponential tewp. gradient T - To T e T > T
- linear dependence of modulus E = a1 + a 2 (T - To).

Usual analysis for computing a s C s is used.
Correction factor is cherJked experimentally].

1.30

1.20t

&of( R11I IBPast I 7\..\
SveXrI F.04q .1

ifW "t '" r• . tr Theory
--1suff 6_ t 1..., 0.00

CJI* I Sri$$t |J A"-- v G- acU',. 0*. O CxMrimen.Il
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Fig. 7,-Ratio of particlo velocity at St, . _'j' . t..r o par.
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Impact
Compression NAGATA, YOSHIDA and SEKINO (1969), t 23) 17

Apparatus: Pnlit Hopkinson pressure bar

up to 4 x 103 sec71

Mat.: Polycrystalline iron containing 0.002, 0.01 aiid 0.05 wt % C.
"Ingots were forged, hot-rolled to bars and cold swaged.

Spec.: Cylindrical: D = 9 - 10 rm-. , L a 5 and 10 mm.
Annealed in vacuum at 5700 - 8800 C x 1-2 hr; furnace-cooled

Heat: Details not included in paper.
Test Temp.: 77, 126, 196, 242, 293, 373, 473, 5730 K.

Meas. Instr.: Strain gauges at 2 stations, output fed to CR0
e€, cR and OT recorded on film.

[N.B. Nothing is mentioned in the paper about the method used to bring the
isý_ecTmen to the required testing temp; for method of stress analysis, authors
refer to their previous work on aluminum at room temp. apparently, same
analysis has been followed at other temperatures.]
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Impact

Compression MULLER (1971), [26]

Apparatus: Split Hopkinson essure bar
a 500/10% sec- r a

-Max c =10% natural strain.

Mat.: Ferrovac - E Iron; vacuum melted with 99.95% purity
Nickel - S; vacuum melted with 99.95% purity

Spec.: Cylinders: D = 10 mm, L = from 5 to 20 mm.
Annealed in voculum for 2 hrs : Iron at 7500C,
Nickel at 800 C
Mean grain diameter after annealing Iron : 90 Um
Nickel 70 unm

Heat: By a furnace surrounding the specimen and portions of the pressure bars.
Test Temp. : RT, 100, 200, 300, 400, 500eC

Meas. Instr.: Capacitance gauges directly coupled to emitter-followers, with
a very high imput impedance. Output fed into oscilloscope

[Recorded pulses are not corrected for the thermal gradient along the
pressure bars. Maximum error in computed stress and strain estimated
to be 0.2 and 0.4% respectively, for every 100 C increase in test tem-
perature. ]
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Dynamic
Plane Comp. BAILEY and SINGER (1963), C,6, 7) l

Apparatust Plane Stra•n Cam Plastonvter "
Cam of log. profile, to corpreas strip thick X 1" wide to 90%
Indenting dies: die face 4" wide x 1.5 long
Max plane c v 0.9 ; klane 4t constant a 0,3/311 sea"

a!at.. Soper pure Alum.& Lead; 2 Alum. alloysin cold rolled sheets , 0,125" thick.

Spec.: Strip 4" long x 11" wide x 1/4" 1thick; annealed%
- Lead 300 0C x 1/2 hr, Alum 600 x 1/2 hr, air couled

Dur-alumin: 400 0 C It 4 hr•, furnace cooled.

[(iubrir.: Graphite 6 cadmium oxide suspended in alcohol.)

Heat:' Compression dies heatud in air circulation furnace for 0• hr. Specimen
preheated for 20 mn, transferred to plastometeri, compressed, removed
water, quenched.
Test temp.: up to 0.95 of melting temp.

Heas. Instr.: - Load: Resistance strain gauge dynamometer
i-"f-.: linear potentiomoter, outputs fed to CRO

Scan I

I. L I, l

V, i(M C, 1,0 " 1,

•[€10!" irain rate till the plta~llton¢ 1 diro • ma/tlliot of
smper-pirtv ol,.nlhia" at SOU" , C. 9 UIitri ratelser,

Iiugrmmuiiw re'prexrnfuliou of lte cant plasftntletr Ilo
.eclivot.
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Plano Comp, MI~LEY (1067),l ~ 20

h~nratust Constant speed hydraulla press .ind a aubproes
Tfii~nting diost dia fa~ce 4"1 wide x 1,51, long
Speeda: 2, 5, 10, 30, 60 in/min,
It variable, initial &*0,05, 1,3, 4g I see,

Hat.t Pure Aluminum; Alum 4,2% Cu alloy$ in cold rolled sheats 0,125"1 thick.

SDOO.t Strip 41" long x V" wide; annealed.
Alum: 6000C x 1/2 hr, AlCu alloyl 40000 x 4 hr,

CLubi'.t Alcoholic suspension of graphite and cadmium ox.id..J

Heatt Die.s and strip epec. preheated In an air circulated furnace, transferred
quickly to subpracts and compressed.
Test temp.t Pure Alum. 22-6000C; Alum Alloy 300-SOOOC

Hesa, Instr~t Load: Resietwice strain gaugo dynamometer
-, b~sijt Linear potent iometer,
Outputs fed in a CRtO and recorded on films

(Covrrectian mado for the Increase in strain rate produced in a constant
v'elocity test]

MEMMOM/'1/'p

I.Il

I SCICILI

0 1 It HOLMI

0 LIMIAA PO~tI(WITIMM

V IP SpCIBI

Pig. 1 Subprcss and die asctenbly
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Dynamic
Tension MacDONALD, CARLSON and LANKFORD (1956), [24] 21

Apparatus: High speed hydraulic press and a special subpress. = 0.002/0.8 sec -

Mat.: Low carbon sheet steel (fully aluminum killed, temper rolled sheet of

thickness 0.038")

Spec.: Standard sheet specimen, of 4" gage section

Heat: Specimen submerged in heated oil contaihed in a special insulated tank
attached to lower movable head
Test temp.: 75, 150, 225, 300OF

Heas. Instr.: - Load: calibrated wire strain gauge dynamometer bar combined with
an analyser and oscillograph.
- btrain: a calibrated semi-circular clip gage equipped with wire strain
gages connected to recorder. Thus load time and displacement time traces
are recorded simultaneously.

sII

F .i.-upr o IR4 h IpA d T.4 (,n Tg. t
00

W4 4 4140

1: R1

Fic. I.-Subpras fot I15 h.pced Tenikn Tests.

0 1

r10.4. BASIC DESIGN OF CLIP-GAGE EXTENSOMETER.
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Dynamic
Tension PUGH, CHANG and HOPKINS (1961), (31 )22

Apparatus: Constant strain rate screw straining apparatus
-4 -

et Constant, 10 /0.37 secl
5it

Hat.: Polycrystalline high purity iron, hot rolled U dia., normalized at 950*C
before mach~ining specimens.8

EEc* Gauge length lý long x 0.282"1f, threaded ends

!!eat:* Specimen surrounded with insulated temp. chamber.
Test temp.: - 1960/2000C

Meas. Instr,: - Load: by 8 electrical strain gauges on load bar.
-El-ongation: Indirectly using a counter.

Output fed to CR0; signal recorded on film.

so/lHlam $101AI'4 MAIC LOW 11'M AAT9

40'

ow

40

40

Ile "lam1

40 Low

010

tow

4 0416

01 W 00 d 02 04~

C0$dVg6il00d4L 614AIIE

Tyjlitks convvittloniuarc otiriti ~Ieurrn UC.

-53-

LAS- A



300 * wL t HIGH STRAIN RATE 0 )1 sq

0 NE L LOW STRAIN RATE 0 000011 O'kic

EA H NI.L Mir." STRAIN PATEMEANI

VALUES i , I6 L.. LOW STRAIN RATE

L & N P L. LOW STRAIN RATE

EACH MEAN VALUE IS THE AVERAGE OF
4 4 Z.3 OR 4 RESULrS AS INCICAYEO

4/4

0 0 4/

3 
.2

-273 -200 -too 000 * 200

tE'MPERATURE - SC

'fM~elt. Af tpsmnI ratmr, on the bliwer rield strej, at two strin r ,

100
* kil HIII ITAlIN WA 1 0-)1 lot's* kit tOW SrAAIN IA!3 0,000017 .,

1M1AN hit NIC" sT4AIN QAVI

s0 LUS k'it g t- tOW 3111I0. IAtA,

Effet'e of' f.-t111WI.',tttire oil tho ti)per )'iel| vtrv.i at two strati,, rate.,

- 4



Dynamic
Tension GREEN and BABCOCK (1966), .3 ) 23

Apparatus: Gas operated device; desired constant strain rate is obtained
by proper selection of gas (air, helium or nitrogen), pressure and
orifice size. € : constant true • = 0.001/100 sec"

Mat.: 6061-T6 Alum. alloy; 7075-T6 Alum. alloy; 6AI-4V Titanium alloy;

1-400 Beryllium

Spec.: Cylinders: D =0.125"1 x L =- 0.62511

Heat: A radiant energy furnace with three independently controlled zones
is used to heat the specimen and maintain uniform temp. along its length.
Test temp.: 72/6000 F

Meas. Instr.: - Load: Measured by strain gages mounted on an elastic
S• loadb directly above the specimen.
- Strain: by measuring piston displacement; by using strain gages
mounted on specimen; or by using an optical extensometer to look at
marks placed on the specimen.

LOAD BAR--

_COOLING
COIL

TRACKER
FURNACE IILOWER0 0

TRACKER

TENSION HEAD
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Dynamic
Tension KENDALL (1970), 19] 24

Apparatus: Special high rate tensile testing system.
(fluid transfer from a high pressure accumulator to a hydraulic cylinder
rapidly loads a standard tensile specimen)
e a 10-4/10 sec-I (elastic strain rates).

Mat.: Mild steel: commercial grade 1018; coldvolled I" dia.
Alloy steel: 4340, tool st. and grade 300; heat treated, tempered at
10250 r

Spec.: Standard ASTM round tensile specimens, 0.505" * , threaded ends.

Heat: Split tubular electrical resistance furnace, heating zone:
3" + x 5" L, surrounds the specimen; heating rate: 150 F/min.
Time in temp: 5 min. before testing. Temp. gradient along specimen
is neglected.
Test temp.: up to 6000 F

Meas. Instr.: - Load: with a load cell and high temp. res. strain gauges
- Displacement: with a variable impedance transducer. (not reliable for
strain measurement at high temp.)
Output fed into CRO.
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Impact1
Tension HADAI and MANJOINE (1941), (27, 25) 25

Apparatus: High speed rotary impact machine.,
c=from 100 up to 1000 sec'l

Mat.: Copper, Alum., Pure Iron and M!ld Steel

Spec.: D z 0.211, G. L. =111

Heat: With an induction furnace surrounding the spec.
Test temp.: Copper., 25/10000 C;
Alum., 25/6000 C; Pure Iron, 25/12000 C; Mild Steel, 25/12000 C

Meas. Instr.: Two Photoelectric cells which depict:
- Load, through the elastic extension of a load bar
-Strain, through motion of the lower head.

Output of photo cells fed into CR0 and recorded._______I

FEI
a,4

Ti. S T3.M.8TI.M CUgiV96 Pon %MILj 8riC9 Al' ELU5VATht.
Tawa.&yuuas A)im 1180 Siggg4

rio. I Hsox-Snnu Tuix.I- Mbt.WCIMIH

AISTS6 T4 a J
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Imac
Te*o -IDHL an aM 17 ,(3V

tust 5 )1igh-apied servo-controlled hydraullo t te•ant machlnvi
0" /10 s&o' - 3

- Split Hopklnuon bar in tonalonj c a 10 sea*

Hat.: Titanium: 6AI-4V alloyl boeryllium S-200L1

Spe,.: Three different specimen geomotrioes deponding upon the typo of
loading
- a button-head end type, for uniaxial tension testing on hydraulic
machine
- a tubular biaxial specimen, for biaxial teating on hydraull SM4hjno

a Hopkinson bar tensile specimen, for unliaial tension at 10 aqa",

Heatt Spec.imens were heated bIy a oOxiadl, three-%one quarto lamp oven,
Temp. gradient within the rontral 1/2-inch of the specimen gage uaction
was s)ymoetric and small.
Test temp.: 300, 600, O000° r

Meas. Instr.: - Load and -rosura. using load and pressure cells
- Strain: using spenialiy dentennd eloctro-mochanical strain wan.
someters, for the unia,ýial loading, the blaxial linear-torsion4l
loading and for the biaxial linear-internal pressure loading.

.061 R. 1132R." 4` .0210 x 45°0
2355 R.

S..... 490 D.

.3 -- u. 10.550- 3/ -.32
I L1.0 J L-.156  L __.14L. 500..1J .15

B Ha n e l-.80
Button Head End Tensile Secimen tHopkinson Bar Tensile Specimen

5.250

L.- 1.503050 Biaxial
'fT'iit. • fiL - Tube Specimen61-

'.~/ 1 R .'I F I '. 
- - .8/0 0. D .
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lom Notn

1en:BIWI THIUKRUVOMADA And CON~N (1071), ('sa 3
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Ihoilq Com~pressedt iidtt'@ on iimW ioiiQopaOttfl an Itpau projelttl

which atrl.. kh Iildoinl pA'.saUr§ bar,
#5 a ee10&t
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TAILK I.4TAIC AND) 0YN~.MI T1N4ILt PROUNIMS OV ANNN~410 310 SIAINLI.S S~II1L

U=10m6ifliflolli

litionth, 4%, l fill UP6 1,14 44,0 I05HIP)
Redu~t.004 0 Am

RAI6 %1 11,100 QUw 1,11I.1
11014*11011 % 11. Up.6 0.4 35.0 31.11 0.11
Lopelihmnic Dim.

Illily', D) lil4 0.1)91 0lio 0.44m0.~~I13
lqut Flactuft

Stmel~thf, of, kil ml0. M40 1310 74.)30. 21
NORth Modulus,
C, 104 psi Wit 266 1.01 a0s 15.' ,5

S III~4~ 9~O to 41 i1.I,41V111

TABLE I.-STATIC AND 0DNAMIC TENSILE PROPERTIES OF TITAN)UM ALLOY T,64~4.2

4 Cbylli # 1it t

Ultimate Tensile
Stionlth, wil kal 15120 MIS* 1161 105 166,8' 1357

Re~duction of/iAm,
mA,% 44,0 401311 013 $712`1 0.95

£lionietion, %1710 Wei 0.69 sil0 20,71 01"
Lopatithmiio Duc.

VIllyt, 0 4160 0.1114 0.89 052) 0.84341 0.92
True rtactuis

Stfenath', o, ksl V40.1 347.4 1.45 203.9 305,) 1.51
Elastic Modulus,

r, iv ws 16.0 16341 1.04 11161b 12.011 1103

it*t iii icm m~anufactume TitarIum motalt CotpI of Ameicse

: RA
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Impact

Tension SCHULTZ (1969), [ 34] 28

Apparatusi Transverse Impact on long thin wire specimen.
. joadd ng1 Hylon projectile transversely impacting specimen at its

Viid-span. 2 3 -I
c a variable during test, c average a 10 - 10 sec

Hat.: Alum. 1100, annealed 800 F x 3 min% Alum. 2024, annealed 600 x 3 min;
Steel C 1010, annealed.

!pe2.: Long thin wire, D a 0.04", L a 32 ft. annealed in place, and pre-
tensioned.

Heat: By passing an electric current through the wire. Temp. controlled
through resistivity measurement. Temp. distribution checked with temp.
sensitive paint. Test temp.: 1100 Alum., 200, 350, 550, 80001;
2024 Alum., 200, 450, 600Wi: Steel, 430, 700, 1050, 140.OF

Hess. Instr.:. Transverse impact: observed by still photography with strobo-
scope of known flash rate, over a period of 1.5 msec. after impact.

CHII. From theoretical analysis, only measuvements needed are: static
pr"strain' impact velocity (from distance travelled by projectile between
flashes) and deformation angle behind transverse wave front].

- Strain: Observed optically.

80001.
$ . ynamic

J Static

-it Pa,~~

"° ", 4[ .04 .08

V,.. 0,,..,.,.' ,,-,•0, / 550 P

2000

.02 .04

Stress-Strain Data, 1100 Alum.
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ULTIMATE ,-Ti .A4N ULTIMATE STRESS,
103 PSI

DYN. DYN.
MATERIAL STATIC DYN. STATICI STATIC DYN. STATIC

1100 ALUMINUM

2000 F .20 .075 .38 9.4 10.8 1.15

3500 F .09 .044 .49 4.5 7.8 1.7

5500 F .05 .03 .60 2.7 6.7 2.5

8000 F .02 .064 ,.2 1.8 4.8 2.7

2024 ALUMINUM

2000 F .077 .05 .65 28.0 20 .71

450* F .04 .035 .82 14.5 20.5 1.4

6000 F .03 .025 .83 6.0 20.8 3.5

CIOIO STEEL

430° F .11 .03 .28 45 48 1.07
- i(FLOW)

"7000 F .07 .07 1.0 52 42 .81

1050o F .04 .12 3.0 24 57 2.4

14000 F .02 .044 2.2 6.5 39 6.0
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Impact
Tension LEECH, GREGORY and EBORALL (1954), [20) 29

Apparatus: Standard Izod impact machine fitted with a simple attachment
to perform a tension test- i max %250 sec-1

Hat.: Copper base alloys (including brasses, bronzes, and coppers with

various amounts of bismuth.

Spc:Of suitable form; G. L. =1/2" and cross section 3/8 x 1/411

Heat: Furnace placed close to the anvil; transfer into position for test
takes only two sec. Cooling rate -- 16 *C/sec at 7000 C
Test temp: Bismuth Baaring Coppers, 350, 450, 550, 650, 7500 C;
Brasses, bronzes and alum, bronzes, Room temp. up to 9000 C

"d -. A. 64WO d" "V.

Fgo. I.-Inipmct Tensis Spome andDOI o e Flo.I -111PA Tnsil TeteI
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Impact
Shear SLATER and JOHNSON (1967), [35] 3

Apparatus: Linear induction motor accelerating a hammer of mass 21.5 lb.
K. E. acquired is utilized for dynamic or impact blanking.
Max. impact speed o 50'/sec:1 j a 103 see- 1 .

Mat.: Commercially pure aluminum; Copper; Black mild steel.

Spec.: Circular disks 2.5" dia. for quasi-static blanking; 3" square for
dynamic blanking.

Neat: Spec. heated in separate furnace to 50-100 C above required temp.,
while blanking tool was preheated using a series of bars; spec. were
transferr.ed quickly into position and blanking performed.
Test temp.: Alum., 20-500; Copper 20-800; Steel 2 -11000 C

Measurements: Phase voltage applied to motor (V ), from which the Impact vel.
of accelerated mass is determined (um Vp/9.75 ft/sec) and consequently
K. E. available at impact.

A , isminitt 8.5.1470 SIC - I
Initially orova'td

ter 4 fin. un. di.. blankk Le 0

Constant pfer.tingeI ~ ____ vlcleotance -1-59 -
0 .. 6 n . fick (0_ 252in.) _ _ _ _

temt .roture. 'C tog0te mpevo twe tC)

Flal'. M1M. 11104111 . 1%llwen 111-iminik;•~ii I c,01 for 4111IA. si..tlie hham ld.,

anrid ten er ittue Ia t l v s t ,it,- r6 l9 - t'hll'lnle 0t im ll|
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Dynamic
Double Shear CAMPBELL and FERGUSON (1970), Cia) 31

Apparatus: 4 Universal rapid load testing machine, hydraulically operated
Mean C v 2-6 x 10' see

Mat.: Mild Steel

2ec. : Of special type with very small active gauge length (0.84 nvYr.)
vacuum annealed at 900 0 C x 1 hr, furnace cooled.

Heat: Spec. enclosed within a small recistance furnace
Test temp.: 195, 225, 293, 373, 493, 7130K

Measur'ements: - Load: strain gage dynamometer
- Crosshead velocity: with an electromagnetic transducer.
Outputs fed in CRO £ recorded on film. -J

I- • .7-1--q

084 084

Design of uitcnr spcecmcn (dimci.ions In aiflmotrc3)
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1 es i 0 t '1 1 l 103 . i0 I' 0"• tO"• tO" I t0 I0 I 0' t10 to
EFFECTIVE TENSILE STRAItR RATE (SECO)

Comparison of results of tension (x ) amd punch (+) tests (Campbell anct Cooper
1000, Dowling and Harding 1O07) withI present shear test daita obtained
at room temperature.

+. _(o) (b,)
400 -r' - ' " IRE:)YTPo

" , , .SCALE

1000.

4O0S

495.K.
.1 SCALE S

-JF SCALE A

IA

14o 0 3 44:" 6
STYAIN RAYt 1 (1O0 SEC") STUtN AYtE (104t SC")

Variation of lower yield strvx% with strain rnto (rvgion W\), (a) V'ro pro.strain;

tomporaturo 20., 403, 713"s:. (b) 'rc.stiali 7.-. 21. 38 %; temperatu.o
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Impact
Double Shear CAMPBELL and FERGUSON (1970), [10) 32

f: Drop wt tester & modified split Hopkinson pressure bar
L.oading: b4 dropying weights from 0.3-25 m.

4 x 10 sec

Mat.: Mild Steel

Spec.: Of special type with very small active gauge length (0.84 n/m)
vacuum annealed at $000C x I hr, furnace cooled.

Heat: By enclosing the specimens with a small electric furnace; water cooling
jackets placed adjacent to strain gauges for protection.
Test temp.: 19S, 225, 293, 493, 7130 K

Meas, Instr.: Strain gauges at 2 stati,)ns, output fed to CRO; cI I CR and CT
recorded on film.

[NB. Effect of temp. gradient studied and a correction factor derived
fo-r determining the load at the end of the tube in terms of that measured
at the strain gauges, the factor is small for temp. up to 7130 K. Possible
error at 713 0K neglecting correction is *2%. Usual analysis for computing
0 a Cs is used.]

S. \

ITRAIN JAMES$

DesIgn of spikt lopkitisoi,.bar apparatus (dimenslons II milllnictros)

184

Dwellp of' Aller I'l~eillv.n (dil,,v...101,4 III 11illh1o10ruls

73 -
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Dynamic
Torsion HUGIIEUS (105),1

Anporatua, Hot torsion tn,1'tng mahino. Speud 12.000 rpm

Mat.i Mild Stool, 3/4" * hot olled rod. (Stool R)
High Carbon Chromium stool, 3/4" * hot rolled rod, (Stool X)

'Spec.: Standard tout piece with central ivduaed portion,

Heatt Platinum wound electric furnace, filled with dry nitroton, aiurrovnds
the spoc. Tomp. variation along longth of specimen % 4o C at 13504 Q
Time at tomp. w 5 min.
Test temp.: 950, 1050, 1150, 1250, 13500 C.

Meas. Instr,: - Torque: recordod eleoctrically by moans of a slide wire on
a wejhing machino,"
- Revolutions to froctur'.: usingl a counter.

Cl -

~ AN

Fi.2.-St~andurdst~eeltors~on et lc

'.4.,

.... :• ,..,o... ." s

40

I(MP RATURE.'C.
Fig. 3--r.ffect o( tvstht',% temperatute on royr.|11,lu,,s

to fallure Ii t4nrsinit 1 ,s d.rd -.in. dli,. teat
pieces). (a) Steel It , (b) steel X
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~ '.i~Hoto toralon, dynamig toalvng "1120111114 of th. type described by

speodi 648.124 rpm 0.06 -0,08%W,

&tL, Super Pure, Ahnluinum, oettrvtod bor, D

Spnoti 'Torahlon uipac with roJucet1 caotrdl a1june loI1th to conif~ia deformation
toa given valuQ m hntind at const,, tomp.

Wained 2% to tension, annealed 2hr. x MO/5 C

HOW.t $pea. onaiquod In a Nrn4cn during~ test
Toot tomp~t 195 200, 390, 400, 5500 C,
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1100 OA?1 01 0.1'6
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Impact
Torosi'on HODICRNE (1962), [16 6)

_A6Vratust Torsion machines of special design.

"T-r constant; slow machine: up to 10 ase"ll fast: 10/1000 aaeo1

Hat., Aluminum, Copper, Lead

f•ee,: Tubular, D a o. 375", L a o.125", K a 0.0625"

Heati Specimen heated In ,furnace during test.
Testing tomp., up to 7000 C

Moas, I%,tr.: - Torque: reosstanco wi.re strain gauges; on a tnrque beam in
slow inachine; on hollow water cooled shaft close to one end of the specimenin fast machine.

- Strain: wire wound potentionutes for angle of twist In slow machine-
tooth wheel revolving past a magnotic pick.up i•n fast machine,
OutNuts fed to oscilloscope, aind recorded on film.
[Shearing stress and strain are calculated from torquo and angle of
twist recorded, using the relations t 31 f/2n(r,3 " r3) y r O/L.

......... ... MW Th

A-Wl. A4 Of -N t

-1
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SECTION IV

TEMPERATURE DEPENDENCE OF THE STRAIN-RATE SENSITIVITY

Most metals are believed to be strain-rate sensitive. How this sensitivity
is affected by temperature is the concern of this Appendix. To avoid much confu-
sion in comparing the results obtained for the same metal by different investi-
gators, a unified definition for strain-rate sensitivity and temperature is
adopted and computed for the available published data which has been surveyed.
For strain-rate sensitivity, the ratio of the dynamic flow stress to the quasi-
static flow stress, measured at the same temperature, was taken as the criterion.
ror temperature, a corresponding non-dimensional term was adopted in order to
locate the point on a common temperature scale at which tests had been conducted.
This non-dimensional term is the homologous temperature, T , defined as the ratio
of the testing temperature, T, to the melting-point temperature of the tested
material, Tm, on the absolute Kelvin scale.

It is believed that this procedure will facilitate comparisons between
various results obtained for the same metal, as well as for different ones.
A word of caution, however, is worth-mentioning here. When comparison is made,
using the following tables, it is important to keep in mind the level and range
of strain-rate and the level of strain to which any one result belongs, since
these two parameters considerably affect the strain-rate sensitivity.

Illustrative data pertaining to different metals and alloys, togethee' with
some important related information, were arranged in the comparison tables which
are presented next, in the following order:

Table 1 : Aluminum
2 : Aluminum alloys
3 : Beryllium
4 : Copper
5 : Copper alloys
6 : Iron
7 : Lead
8 : Magnesium
9 : Molybdenum

10 : Nickel
11 : Niobium
12 : Steels
13 : Titanium alloys

Preceding page blank -84 -
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