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NOTICE

When Government drawings, speoifioations, or other data are used for any purpose
other than in connection with a definitely related Government proourement cperation,
the United States Government thereby incurs no responsibility nor any obligation
whatsoever; and the faot that the government may haws formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise as in any manner licensing the holder or any other person
or coxrporation, or conveying any rights or permission to manufacture, use, or sell any

patented invention that may in any way be related thereto,
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FOREWORD

This report was prepared by the Division of Engineering, Brown
University, Providence, Rhode Island, under USAF Contract No.
F33615-71-C-1308. The contract was initiated under ®roject No. 7353,
"Characterization of Solid Phase and Interphase Phenomena in
Crystalline Substances," Task No. 735303, "Surface Effects and
Mechanical Response." Funds for this project were supplied to the
Air Force Materials Laboratory by the Office of Aerospace Research. The
work was administered by the Metals and Ceramics Division, Air Force
Materials Laboratory, Air Force Systems Command, Wright-Patterson Air
Force Base, Ohio, with Dr. T. Nicholas, AFML/LLD, as Project Acientist.

This report covers work conducted from October 1971 to June 1972.
Manuscript was released by the author July 1972 for publication.

This technical report has been reviewed and is approved.

Chief, Strength and Dynamics Branch
Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

This report is a survey of the avallable literature on the observed
effects of straln rate on the mechanical properties of metals at elevated
temperatures. The ranie of strain rates included in this survey is from
10-% gec™L to 103 sec” , 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
information 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 ra;e testing
is well documented in the recent review article of Lindholm [1]” 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 elsvated
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.

S Sa——
Number {n 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 ecach investigation are presented in Section III,
while illustrative data for each material tested are gathered in Section IV,
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SECTION III
REVIEW OF EXPERIMENTAL 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 & 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 meagurement. 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/sec).
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List of Experimental Investigations Reviewed in Section III

Reference Mode of Ref.
Sheet No. Loading Investigator No. Page
Y
1 DynamichCompression Alder & Phillips 3 11
(1954)
2 Cook (1957) 12 13
3 Arnold § Parker y 15
(1960)
y Hockett (1957) 15 17
5 Suzuki et al. (1958) ul 19
6 Campbell & Briggs 9 21
(1969)
7 Green & Babcock 13 23
{1966)
%
3 Impact Compression Suzuki et al. (1958) 41 25
9 ' Samanta (1968, 1969) 32 27
33
10 Mahtab et al. (1965} 25 29
1l Baraya et al. (1965) 8 3l
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
(1968) ¥l
Lindholm (1968) 21
17 Nagata et al. (1969) 29 43
18 Muller (1971) 26 us
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Reference Mode of Ref .
Sheet No. Loading Investigator No. Page
19 Dynamic Plane Bailey & Singer 6, 47
Compression (1963) 7
20 Bailey (1967) 5 4g
21 Dynamic Tension MacDonald et al. 24 51
{1956)
22 Pugh et al. (1861) 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) 3y 65
29 Leech et al (1954) 20 67
30 Impact Shear Slater & Johnson 35 69
(1967)
3l Dynamic Double Shear Campbell & Ferguson 10 71
(1970)
32 Impact Double Shear Campbell & Ferguson 10 13
(1970)
33 Dynamic Torsion Hughes (1951) 17 75
3u Work & Dolan (1953) 4y 77
35 Ormerod & Tegart 30 79
(1960)
36 Impact Torsicn Hodierne (1962) 16 8l
* 1

0.1 - 100 sec ~.

Dynamic strain rate range :

Impact range : above 100 sec-l

.
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Dynamic
Compression ALDER and PHILLIPS (1954), [ 3] 3

Apparatus: Cam Plastometer: 10 tons capacity; Log. cam: 12.5 mm x 90°
WaX. ¢ = 0.5 (rominal); € : constaut true € = 1/40 sec~l

Mat.: Aluminum - commercial purity; as extruded 3/4" diameter
Copper - phosphorous deoxidized; cold drawn 3/4" diameter
) Steel - 0.17% C; hot rolled 1" diameter

, Spec.: Cylinders, axis parallel tc extrusion or rolling direction
Aluminum - D = 12 or 18 mm, L = 25 mm; Annealed %00° C x 1 hour
Copper - 12 or 18 X 25 mm; Annealed 600 x 2 hours in vacuo
Steel - 12 or 18 x 25 mm; not annealed

* {Lubr.: on 2 ends before heating; 6 = Rm temp., Petroleum jelly;
6 = Rr/u50°C, Graphite in Alcohol; 6 > u50°C, 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 drop = 5°C.
Test temperature: Alumipum, -190/550; Copper, 18/900; Steel, 930/120C°C.
Glass lubricants prevented oxidation.

Meas. Instr.:.Load - Calibrated optical dynamometer, change in birefringence:
created in two glass blocks was recorded on rotating drum.
- Displ.: from cam design (allowance made for elastic distortion)
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TanLe V.—Values of the Index n in the Equation

TABLE VIL.--Values of ay tn the Fquation

0 = ggi™ o =2 0gE"
i' Value of n for & Comprewmion af ; ., Value of o, for & Cumpression of §
Mewd | TemPs = Mew) | TeP. :
. 10% 202, 10% W s, 0% 0%, 30% 0% 0%,
Al 18] 0013 | 0018 | 0013 | 0018 | 0020 Al 18 | 140 171 18-9 206 v
150 | 0022 | 0022 | 0021 | 0024 | 0028 150 | 114 13:5 15-0 16-) 170
250 | 0-02 0031 | 0035 | 0041 | 904l 250 91 10:5 114 119 12:3
350 | 0035 | 0061 | 0073 | 0054 | O3 350. | 63 69 72 | .78 74
450 [ 0100 | 0098 | 0100 | 0116 { 0-la¢ 450 39 43 45 4 3
850 | 0130 | 0130 | O-141 | 0136 | 0135 350 22 2.4 25 L 24
-t
Cu 18 1 0010 | 0001 | 0002 { 009 [ 001D Cu 181 263 403 490 341 537
160 | 0014 | 0016 | 0020 | 0-023 | 0035 15 1 23] 324 478 415 435
300 | 0016 | 0018 | 0017 | 0025 | 024 300 1 202 1 2es | s02 | 322§ 344 |
450 | 0010 | 0004 | 0008 | 0014 | 003§ 460 | 170 | 225 | 25 266 | 28
600 | 0050 | 0043 | 0041 | 0058 | 0-078 600 | 127 168 18-9 194 19-0
760 | 0098 | 0097 | 0128 | 0150 | 0-182 %0 70 97 10-0 85 82
800 | 0134 | 0110 | 0:15¢ | 0195 | O-1m 900 7 [ X] 81 55 52
Fo 930 | 0088 | 0-C34 | 0094 | 0099 | 010 Fe 030 [ 103 194 20-4 200 209
1000 | 0:103 | 0100 | 0-000 | 0093 | O-f22 1000 | 130 15-¢ 173 18- 14-y
1060 | 0112 | 0107 | 0117 | o127 | 0-150 w109 129 M0 143 13-6
1135 | 0123 | 0120 | 0138 | o150 | 0198 1135 91 10-5 12 v vy
1200 | 0116 | 0122 | 0-14) | 0475 | 019 1200 76 86 838 83 76
© ) BERER Jam aama §
- »f 4
]
|
4
gt *
E W% REON,
»r 2T ALON. 4
[] A O ] A P A d
-30 ] » 0 0
TUMMERATUAE, * C.
P, 8.—Eftect of Temperaturo on the Stress Required to Com-
press Aluminium to 209 and 409 Reduction. Strain
rate = 4:38 soc,"?,
[ 2] v Y Y :—r J
a
& 3y
X ALUMINN x Taune \’I.-—-l’alye.s'oj the Slopes of the n|Ty
. COMEA . Curve for Various Compressions,
n o} a STEEL . -
" Wy Compression, ®, 10 20 l 30 0 l 50
. . mie | f ] 0048 0050] 00351 Oy : 0-008
v v, mt . . [0 [0 | oal o'w"[ 082
[} A%, A A i
! " *t M LX) " * w8 tho slopo fur 0 < T4 < 0-53,
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Fig, 1.~ Dependence of the Strein.Jato Lffect on the
Howolugous Vemprature fur 4U% ltoduction,
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Dynamic
Compression cook (1957), [12] 2

Apparatus: Cam Plastometer: 10 tons capacity; Log. cam: 1/4" 1lift x 35°
Max. ¢ = 0.5 (nominal); € : constant true € = 1.5/100 sec”

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

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

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

Heat: Spec. in guarding box heated in resistance furnace, then compressed
quickly. Test temperature: 900/1200° C.

Meas. Instr.: -Load - Calibrated cptical dynamometer, change in birefringence
created in two glass blocks recorded on rotating drum.
- Displ.: From cam design (allowance made for elastic distortion)

i

Z

FOIL CENTRING
WASHER

P Wl 17 LT

=

Fig. 3.17. Scction Through Guard-ring Bax, with Specimen
in Position

7
1\'\ AN

Tuble 3.3, Percentage Glass Compositions

" Y ! ey {,'
4 \ Type Lead borate Hard flint Pytex
) , i Usedat, dig. C, 900 and 1000 1100 1200
R deg, ¥, 1652 and 1832 012 2192
a ¢ —
R . Silicon Jioxide 66-4 80
Botic oxide 20 12
. , Batium oxide K
a Lubricated with Pyrex glass, 3 - 5-2
& Lubricated with hard fine glass. See Table 3.3, '\.,u,"_x»""““'".‘:’"d‘ 43 3,
¢ Lubricated with fead botate plass. (.J.uum.un;.c 78
. f.ved oxide 80
Fig, 3.18. Specimens Compressed 50 per cent at 1000 deg. C Sindivin uside 123 4
(1832 doe. B P'etanivm vvide 40 03
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Dynamic
Compression ARNOLD and PARKER (1969), [u] 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. € = 0.5 (nominal); ¢ ¢ 1/30 sec-1

Mat.: C. P. Alum. and § Aluw. alloys;
hot rolled slans } 3/4 < 2" thick -+ ht treated -+ cold rolled to 1 1/u4" thick

Spec.: Cylinders, axis in dir, of slab thickness: D = 0,5", L = 1.0, 0.5, 0.25"
Annealed: Al - Mn alloy: 500° C x 1 hr, all others: u00° C x 1 hr|
Hardness measured after annealing.

[Lubr.: For T < 500° C: Colloidal graphite suspended in alcohol .
For T 2 500° C: Glass suspended in alcohol.]

Heat: Spec. in guarding box heated in resistance furnace, soaking time: 1/2 hr,
then quickly tested,
Lubricants prevented oxidation,
Test temp.: 370, 400, 450, 500° C

Meas. Instr.: - Load: calibrated wire str. g. dynamometer + CRO + photo.
- Displ: from camdesign (allowance made for elastic distortion)

[Correction for frictional effects considered in analysis.

Strain rate was defined as ¢ = Ah/hot]

aluminium end fice oluminium alloys.  Values refer 10
decrament of 20%, and a srain rate of 20 incin, see, The
ordinats shaics resistance to deformation (tonu ind).

- 1l5 -
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A deformation of aluminium und fire aluminium allprys, The
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strain raie of 30 in.fin.jsec, to that ot in.jin.[sec,
Fig. 4 Comparison of resistance o homageneous defocmation of
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Dynamic
Compression HOCKETT (1967), N51]

Apparatus: Cam Plastometer .
i € i constant true ¢ = 0,05/200 sec~}

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

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

Heat: Done in seatu in a heater. Test temp.: 223, 293, 473, 673° K

Meas., Instr.: - Load: Load cell -+ oscillograph

in each sec. Pips and time base applied to oscillograph.
Load, time and cam position are then recorded simultaneously.

by high speed photography compared with grid def. on specimen.]

[NB. Def. assumed homogeneous and verified by rm, temp microhardness
surveys of sections of spec. tested at various 0 & ¢ , and optically

~ Cam position and time: Counter used to adjust time base of a time mark
generator, then registers count of 60 pips per rav, penerated by the cam

¥ i et Mt Sy Inath NSt S L ER Ren Rane S S e
"} T YT T T T T T T T T
(L] éis 212 'in
113 g ¥r
e o 24
t11d
.-lN- 22
& W 2
§03~ 0}
- 12 (113
e uL

0Ny K

TRUE STRESS, ¢ (FOR 223°X)

1
of 02 0% O04 OS85 o068 OF
TRUE STRAIN, ¢

Fig. 4=Truo-alreds va truo~struln curves for 1100-O alu- wmporatures ax lndigatod.
minum at two lomporatures, Truo-wiraln ratos, ¢, and ten
peraturos si lndicatwd.

Fig. 6=True-streas vs truo-strain curves for 1100-0 alu-
minun al two lower temperatures, ¥ rue-straln rates, ¢, and
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Dynamic
Comprassion SUZUKI et al (1968), [ul ] 5

Apparatus: Cam Plastometer, 15 tons cap§city; Log. cams: included angle
369, 72°, Max. ¢ = 0.5 nominal ; ¢ ® const. true ¢ = 0.1/100 sec-!,

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

Spec.: Cylinders, D= 12, L= 18 mmand D= 8, L » 12 mm,

[Lubr.: © < 600: Colloidal Graphite; 600 < O < 800: Lead Glass 4
© > 1000° C: Pyrex glass. Degree of barrelling very small.]

Heat: Spec. in a subpress heated in Nichrome furnace for T < 600 or a

Silicon carbide furnace for T » 600, then transferred quickly to

m/c. Effect of lubricants at various temps, studied,

Test temp.: Alum., 75/650; Duralumin, 200/500; Zinec, 75/300;

Magnesium, 18/500; Titanium, 18/900; Copper, 18/900; Stecls, B800/1200° C

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

[NB. Effect of specimen dimensions and texture on flow stress measured

was studied experimentally.]

b ;
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) e —— hefua!
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- ] 0 l
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L P Y T Fig. 3.3 Temperature Dependence of the Flow
! ; Stress of Commercial-Purity Metals.
"5—1 0 1 2
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Fig. 37 Strain Rate Dependence of the Flow-Stress
of 0.15%§ C-Steel.
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LO¥ER YIELD STRESS

Dynamic
Comprassion CAMPBELL and BRIGGS (1969), (g ] 6

Apparatus: Universal rapid load tosting machine, hydraulically operated.
Nax, ¢ = 0,)} Mean ¢ = 6 x 10~3/100 sec-!

Mat,t Niobium (electron beam milted); sintered Molybdenum, 3 mm dia,
Swaged and centraless ground roda,

Spec.t Cylinders, parted off by spark machining, D = 3, L & 5 mm
Annealed: Niobfum: 2020° ¢ x 1 hr in vacuum, furhace cooled;
Holybdenum: 1200° C x 2 hrs in vaguum, furnace cooled.

lteat: Spec. enclosed within a small resistance furnace.
Testing Temp: 77, 292, 400, 500, 600¢ K

Meas, Instr.: - Load: stralin gauge dynamometer
=~ Crosshead valocity: with an electromagnetic transducer. Outputs
fed simultaneocusly into CRO & recorded on £ilm,

Variation of the lower Yield Stress of
Niobium with Temperature,
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Dynamic
Compression GREEN and BABCOCK (1966), [13)] 7

Apparatus: Gas operated device; desired constant strain rate is obtained by
proper gelection of gas (aip, helium or nitrogen). pressure andorifice
size. € : constant true ¢ = 0,001/100 sec™-.

Mat,: 6061-T6 Alum, alloy; 7075-T6 Alum. alloy;
6Al-4V Titanium alloy; I-400 Beryllium.

Spec.: Cylinders; Alum. alloys: D = 0,375 x L = 0,500 or
D= 0,125" x L = 0.625"
Titanium and Beryllium: D = 0,250 x L = 0,500 or D = 0,125" x L = 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., 72/550°F; Tit. alloy, 72/600; Beryllium, 72/600

Meas. Instr.:. Load: Measured by strain gages mounted on an elastic load bar
directly above the specimen,

- Straint 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
———— TEST
B — SPECIMEN
. S—FURNACE
”'//,,/ MOVABLE
= /111117 ——PISTON
LIGHT S €74
OPTICAL o >
EXTENSOMETER SOURCE i
, ORIFICE
) [{ e
j HIGH
Z ! A PRESSURE
\ AR SN SUPPLY
Medium Strain-Riate Machine - %-/A
B~ viscous
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Impact
Compression SUZUKI et al (1968), [u1] 8

Apparatus: Experimental Drop Hammer,
¢ = 100/650 sec™t

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

Spec.: D =12, L = 18 mm, and 8 x 12 mm,

[Lubr.: ¢ < €00: Colloidal Graphite; 670 < 6 < 800: Lead Glass
8 > 1000°C = Pyrex glass. Degree of barrelling very small,]

Heat: Spec. in asbestos heated in Nichrome 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,
18/500; Titanium, 18/900; Steel, 800/1200°C

{Meas, Instr.: Load: Capacitor Strainmeter.

~ Strain:indirectly through hammer displacements by a photoelectric tube
Outputs fed into CRO and traces recorded on film,

Trigges
0 e ———

Hammer —ke—05

/
f[>

Guide Rall Winder

7

7 *j\\\iatg

[} 200 400
Temperature
Fig. 3¢ Temperature Dependonce of the Compres.
sion Stress of 6595 Cu-35962Zn Alloys at
=0,2.

Flew Strean {eqy)

v ey ),
Fig. 13 DropMammer Type of Testing Machine.

‘Weight of Hunmer 25, $0kg, Maximum
Strain sate 700 sect,
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Impact ;
Compression SAMANTA (1968, 1968),[32, 33] 9

Apparatus:  Experimental Drop Hammer._ - i
Mean € = for Alum: 110/260 sec ~; Copper: 155/600 sec ! ;

Mat.: Alum., commercially pure, 20 mm bars. [33 ]
Copper, 99 %, 20 mm bars. [33 ] ;
Steel, 5 different types. [32 ] ;

Spec.: Cylinders, Alum: D = 20, L = 20 mm, Annealed 325 x 1 hr
Copper: 20 * 10 mm, annealed: ©50°C x 20 min, water quenched
Steel: 20 wm dia with different D/L ratios.

Heat: Spec. enclosed in a platinum cylindrical furnace, then transported
i through a highly polished shannel to platen and compressed.
; Test Temp,: Alum, 250/550; Copper, 450/900; St,, 20/1055°C

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

| (e = velocity/height at any instant, ¢~ relation was plotted and mean
integrated value taken as mean €]

L L T 1 14 T ] T

40 1553 E3TT -4
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Rolntion between truo comprensivo stress and natural com-
prossive straln for high-speed rteel (SIS 2922) at 10556°C
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Impact
Compression MAHTAB, JOHNSON and SLATER (1965), [25] 10

Apparatus: Equipment for dynamic indentation, include horizontal air gun firing
0.5" dia cylindroconical projectiles 3.4 -1
Impact vel,= 1000 - 2500 in/sec; €rean - 107/10° sec

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°C; Alum. up to 550°C

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 € = T/t = ev/y; € = 1, v = mean indentation speed, y = indentation
depth.]
80 Y Y —
043 — | T . o
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§ Annealed sluminium alloy, 1IL.S, 1476 HB 10,

Relation between the logarithm of the crater diameter
and temperature for diffcrent impact velocitics
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Impact
Compression BARAYA, JOHNSON and SLATER (1965), [8 ] 11

Apparatus: Experimental drop hammer.
Tup asgembly mass = 15.7 lb; Dropping heights = 5, 7.5, 10, 15, 20 ft,
Max. € = variable during test, max mean € = 650 sec”

Mat.: Super Pure Alum,
Spec.: Cylinders, D = 1", L/D = 2, 1.5, 1, 0.5; annealed at 300°C x 1 hr.

Heat: Specimen in subpress heated in furnace to desired temp.,then quickly
transferred and compressed in hammer.
Max, temp, drop = 5°C
Test temp,: 20, 100, 200, 300, 400, 500°C

Meas. Instr.: Tup mass_and dropping height ara predetermined before test, Mean
dyn. yield stress Y & mean strain rate € are computed from:

EN = ¥ {n [2/(2-R)] + 5'@567 [R/(1-R)1)}; € = 151.2¢e/HR
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Impact
Compression HANKYARD, EATON and JOHNSON (1968), [ 1 12

Apparatus: Commercial stud-driven gun for firing flat ended eylindrical pro-
Jectiles (spocimens) on a hgrdened steel anvil, o .1
Impact vel. ~ 600 ft/sec ; ¢: mean rate v 5 x 10" sec¢
Mat.: High conductivity Copper, b.S. 1432
Annealed Steel to B.S, 470 En 2
Bright drawn Midd Steel to B.S. 970 En la

Spec.t Cylinders, 0.370" dia x 1" long

Heat: Spec. preheated in an electric furnace to & greater teamp, than required,
transferred quickly within a stecl jacket iuto position and fired after a
predetermined interval when it is expeoted to reach desired temp.

Test temp.: 20, 400, 600, 700°C,

Meas. Instr.: ~ Impact vel., befora impact: by measuring time Interval betwean
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, profile, gives mean eff, yield stress)
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Tmpaat
Comprossion CHILDISTER and MALVERN (1963), [11] 13

Apparatus: Split Hopkinson pressure bar

ading: Hyge check taster aud atrikar bar.
¢ = 300/2000 sac*l nearly gonstant during test.
Max. ¢ » 0,05 for lowest c, and 0.25 for highest ¢

Mat.t Aluminum 1100 F, sxtruded

" ] o
Spec.t D u <§. (bars dia.) x L = %-_ } Annealed: Uu00%C x ) hr

(Lubr.: Powder Graphite: 250°C , Powdar glass + aloohol:i 550¢C
Holykote (commereial Molybdenum disulfide: at other temps.
No barrelling at room temp; slight, at higher temp.]

Hoat: Electric combustion tube fuppace, 12" long heating elements,
TC welded to transuitter bar + from specimen
Temp. distribution by TC (chromel alumel) 2 inches apart.
Test temp.:30,150, 250, 350, 450°C

Meas. Instr.t 2 opposite foil strain gauges at each station (6 = room temp).
Output fed to CRO, signal recorded on film as o Epo Cqo
2 C‘ [ ( "
(c. B T;" (r.I‘ - Cpp = £ ) dt o = Eplegy = cB)]
[

i
‘3
!
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Impact
Compression WATSON and RIPPERGER (1969), [ u43] 14

Apparatus: Variation of split Hopkinson pressure Lar
Loading: Air gun _and projectile,
Max € = 103 sec™l; variable during test
Max ¢ = 0.6%

Mat.: High purity Copper, Iren

”
Spec,: D = ;' s L = 1" ; ends lapped; lateral sides grit blasted

Heat: in furnace with 11" long quartz lamps.,
Temp. Control: T.Couple + temp. controler -+ power controller + furnace
Test Temp.: Copper and Iron: 78, 400, 600, 800, 1000°F,

Meas, Instr.: Thin qua~tz crystal, for mean stress over cross section
High temp, strain gage welded to specimen, for mean strain
Output fed in CRO, signal recorded on film.

[N.B. Since ¢ 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 materiall

PROJECTILE
AIR GUN BARREL
[rmms e e - .
STEEL 1 SOFT _ QUARTZ 42,000 psl
LOADING BAR— | SPECIMEN CRYSTALS =
27777 ‘]4' ! STRESS (MEASURED AT IMPACT ENt-
Lt ! /}“ —3 30,300 !
] o v
MAGNETIC | STRAIN_/ ZSTEEL /L _L * PLASTIC STRAIN RATE
PROXIMITY |  GAGE BACK (A Sicletui
PICKUPS | BAR T €20.56%
TO COUNTER g HOT ZONE 0.833% STRAIN (MEASURED 0.3" FROM IMPACT €NO?
QUARTZ CRYSTAL CAPACITANCE T b e
VOLTAGE OIVIDER NETWORK Fig. 6—Typical shorbspecimen dynamic-test results for
O5uf -I Hq fHosut copper at 600" F
[ [
1

QUARTZ CRYSTAL
OUTPUT VOLTAGES

Fig. 1—Schumatic of short-specimen impact setup
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Impact .
Compression CREEN and BABCOCK (1966), [13] 15

Apparatus: Split Hopkinson pressure bar
Loaaing. Launch tube and driver bar

€ & 50/10"% sec™l, variable during test. :
c=>0,5 :

Mat.: Two Alum, alloys, Titanium, Beryllium

Spec.: 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 moved in quickly to compress the
specimen., Insignificant heat conduction losses.

Test temp.: for all metals, 72, 300, 600°F,

Meas. Instr.: 3 strain gages in series at each gage station, output fed to
oscilloscope and recorded on film.
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Impact LINDHOLM and YEAKLEY (1968), [22]
Compression LINDHOLM (1968), [ 21] 16

Apparatus: Split Hopkinson pressure bar
Loading: striker bar producing pulse of constant amplitude

¢ = up to 1000 sec

v s S s T 8 B B s

oy, s

Mat.: 1100 O Aluminum

Spec.: Cylindrical D = < pressure bar dia.

PR

Heat: By a c¢yl. furnace surrounding the specimen, and producing symmetrical
heat gradients along the bars. i
Test temp.: 27, 127, 262, 402°C j

Meas, Instr.: Strain gauges at 2 stations, output fed to CRO
€ SR and €, recorded on film.

[N.B, Recorded strains are corrected using a correction factor

€/¢r * (1+ caala) » €, = az(T~To)/a-

based on assumptions of: “kx
- exponential temp, gradient T - To = Tse 3 T2 T,

- linear dependence of modulus E = a, + az(T - To).

Usual analysis for computing o & e, is used,
Correction factor is checked experimentallyl.
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1.2 F‘ -
110 ;- - E
i
incident o irenseatier v V'lheory H
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Impact
Compression NAGATA, YOSHIDA and SEKINO (1969), [ 23] 17

Apparatus: €=lit Hopkinson pressure bar

€ = up to 4 x 103 sec™t

Mat.: Polycrystalline iron containing 0,002, 0.01 aid 0.05 wt % C,
ingots were forged, hot-rolled to bars and c¢old swaged.

Spec.: Cylindrical: D=9 - 10 mm , L=5 and 20 mm.
Annealed in vacuum at 570° ~ 880°C x 1-2 hr; furnace-cooled

Heat: Details not included in paper,
T Test Temp.: 77, 126, 196, 242, 293, 373, 473, 573°K,

Meas. Instr.: Strain gauges at 2 staticns, output fed to CRO
€ €p and €y recorded on film.
[N.B. Nothing is mentioned in the paper about the methcd used to bring the
specimen to the required testing temp; for method of stress analysis, authors

refer to their previous work on aluminum at room temp.j apparently, same
analysis has been followed at other temperatures.]
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Impact
Coumpression MULLER (1971), [26] 18

Apparatus: Split Hopkinson pressure bar
¢ = 500/10% sec:‘E
Max ¢ = 10% natural strain.

Mat.: Ferrovac - E Iron; vacuum melted with 99.95% purity
Nickel - S§; vacuum melted with 89.95% purity

Spec.: Cylinders: D = 10 mm, L = from 5 to 20 mm s
Annealed in vgcuum for 2 hrs : Iron at 750°C,
Nickel at 800 C
Mean grain diameter after annealing : Iron : S0 um
Nickel 70 um

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

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 stregs 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 (19€3), [6, 7) 10

Apparatus: Piane Strain Cam Plastomater "
Cam of log. profile, to compress strip % thick * 1" wide to 90%
Indenting dies: die face 4" wide x 1,5" long wl
Hax plane ¢ = 0.9 § Flane ¢i: constant = 0,3/3l) aeq

Hat,: Super pure Alum.; Lead; 2 Alum. alloys,in cold rolled sheets , 0,125" thick,

Spec.t Strip 4" long * 1" wide % L/%" thick} anncaled:
Lead 300°C x 1/2 hr, Alum 600 X 1/2 hr, air couled
Duralumin: 400°C = 4 hr, furnace cooled.

CLubr.: Graphite & cadmium oxide suspended in alechol,)

Heat: Compression dies heatid in air eirculation furnace for <2 hr, Specimen
pre¢heated for 20 min, transferred to plastometer, compressed, romoved §
water quenched,

Test temp.: up to 0,45 of melting temp.

Meas, Instr.: « Load: Reslstance strain gauge dynamometer
- Displ.: linear potentiomater, outputs fed te CRO

wtc o
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Dynamic
Plano Comp. BAILEY (1987), ( 5] 20

Apparatus: Constant speed hydraulic press and a aubpress
ndenting dies: dia Ffaca 4" wide » ),5" long
Speeda: 2, 5§, 10, %0, 80 in/min, «1
¢t wvariable, initial & = 0,68, 1.3, 4, 8 sec,

Mat.: Pure Aluminum; Alum 4,20 Cu alloy, in cold rolled shaots 0.125" thick,

Spec.t Strip 4" leng * 1" widej annealed.
Alunt  800°C x 1/2 hr, AlCu alloy} “00°C x 4 hr,

(Lubr.: Alcoholic suspenaion of graphite and cadmium oxide.]

Haatt Diwa and strip spee, preheated in an air clrculated furnace, transferred
quickly to subpross and compressed.
Test tomp.: DPure Alum, 22-600°C; Alum Alloy 300-500°C

Meas, Inatr,: « Load: Resinotance atrain gauge dynamometex
= Displ! Linear potentiomater,
Outputs fed in a CRO and rocorded on film,

[Correction made for the inorease in strain rate produced in a constant
velocity teat]
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Fig. 1 Subpress and die sssembly
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Dynamic
Tension MacDONALD, CARLSON and LANKFQRD (1956), [ 2u] 21

Mat.: Low carbon sheet steel (fully aluminum killed, temper rolled sheet of
thickness 0.038")

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

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

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

Apparatus: High speed hydraulic press and a special subpress. €= 0.002/0.8,sec_1

Semicicvir the gope

SR8 ahein gogen $R.4 qugls goges

| - 7
L 7
Gage section Torsile spac
F16. '1.~Subpress for High-Speed Tension Tests, //
l A
(2] 5] :J
Lower specimen clomg

FI0. 4. BASIC OESIGN OF CLIP-GAGE EXTENSOMETER,
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Dynamic
Tension PUGH, CHANG and HOPKINS (1961), [31 ] 22

Apparatus: Constant strain rate screw straining apparatus
¢: Constant, 10”'/0.37 sec”?

"
Mat.,: Polycrystalline nigh purity iron, hot rolled %- dia., normalized at 950°C
before machining specimens.

"
Spec.: Gauge length L% long x 0.282"¢, threaded ends

Heat: Specimen surrounded with insulated temp. chamber.
Test temp.: = 1969/200°C

Heas, Instr,: - Load: by 8 electrical strain gauges on load bar.
- Elongation: Iindirectly using a counter,
Output fed to CRO; signal recorded on film.
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Dynamic
Tension GREEN and BABCOCK (1966), 131 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-Té Alum. alloy; 6A1l-4V Titanium alloy;
I-400 Beryllium

Spec.: Cylinders: D = 0.125" x L = 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,: 72/600° F

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; or by using an optical extensometer to look at
marks placed on the specimen,

/ N
LOAD BAR - | %
_COOLING \
coi UPPER
TRACKER
FURNACE ST
TRACKER
e
TENSION HEAD
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SPECIMEN: 0,125 Dia x 0,625 long

© 0,002 in/in/sec
o 0,001 infin/sec
® 0,002 infin/sec
a 18.0 in/in/sec
v 4.0 in/in/sec

v 10.0 In/in/sec

STRESS 01000 1b/in?)

F, 300°F, and 60

s g 10
STRAIN % (in/in)
Tension Tests on 6061-T6 Aluminum Alloy

&

0

60 . H
"'E IMEN: 0,125 Dia x 0, 625" lqng
S :0.003 In/in/sec:
g 50 020,001 infin/sec
8 g 0,003 in/in/sec
n 8,01n/in Isec
A 8.0inlin/sec
& 10.0 infin/sec

30t

.|

l0f¥: o et o

JStress vs Strain at 72°F,
bo"

4

STRAIN %(Infin)
Tension Tests on 7075-T6 Aluminum Alloy
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Dynamic
Tension KENDALL (1870), [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)
€ = 10-%/10 sec-l (elastic strain rates).

Mat.: Mild steel: commercial grade 1018; cold xolled 1" dia.
Alloy steel: u3u40, tool st. and grade 300; heat treated, tempered at
1025° F

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: 15° F/min.
Time in temp: 5 min, before testing. Temp. gradient along specimen
is neglected. : .
Test temp.: up to 600° 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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Impact
Tension NADAI and MANJOINE (1941), [27, 28] 25

e

i

Apparatus: High speed rotary impact machine.
€ = from 100 up to 1000 sec~l

Mat.: Copper, Alum,, Pure Iron and Mild Steel
Spec.: D= 0.,2", G. L. = 1"

Heat: With an induction furnace surrounding the spec.
Test temp.: Copper, 25/1000° C;
Alum,, 25/600° C; Pure Iron, 25/1200° C; Mild Steel, 25/1200° 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 CRO and recorded.
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Impact
Tenasden LINDHOLM and YEAKLEY (18M), [23) 2t

Apparatus: _x ngh-apied servo-gontrolled hydraulle testing machline;
PR, /10 aec” . Y -
- §plit Hopkinson bar {n tenalon; ¢ * 10" sec

Mat.: Titanfum: 6Al-4V alloyi Heryllium §-2000

Spea.: Three different apocimen geometrios, depending upen the type of
Joading
- a button-head ond type, for uniaxial tension teating on hydvaulie
machine ‘
~ a tubular blaxial specimen, for biaxial teating on hydraulig machine
- a Hopkinsen bar tensile specimen, for uniaxial tension at 10 sae™
Heat: Specimens were hoated by a couxial, throe-sone quarts lamp oven,
Temp. gradient within the ecantral 1/2-inch of the specimen gage section {
was symmetric and small,
Test temp.: 300, 600, 1000° F ‘

Meas, Instr.: - Load and nregsura: using load and pressure cells
- Strain: using sperially desiyned eloctro-mechanical straln oxten-
someters, for the unlasial loading, the biaxial linear-torsional

L loading °§£.f°” the hiaxlal lincar-internal pressure leoading,
{061 R~ 020 x 45° 132 R, -
Zr—.?SS R. LL . ""F '} |
M [CR==F == .
T - - &1-.490 D. & \
r SRhN 550-4E1332 - - !
oL T i
338 ‘ 1_ Ry 2 j
1.0 156 ' 1] i
L g6 - _l—~.154 500 — |}, 15 !
‘ o o, 80 el |
Button Head End Tenstle Specimen Hopkinson Rar Tensile Specimen §
5.250
3.750
Blaxial
_..“_mw_l__*_. i ;g-‘-:_'._.__‘ Tube Specimen
B - 750D
o M
5/16 R. 1_
-,800 D.
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Impact
Yension THIRUVERGADAN and GONN (1071), w2 ) LX)

Anng:?;gga Nodified Hopkinson prossure hav

wwading! Comprassed nitragen gun aceelevating an Impact projectile
whieh u\stkoa iho inuldont pressure bar,
t N 09 gee”

Nat,: 310 Otainless Steel and a Titanium alloy

8pegyt Tenaile speaimena, of tha type daveloyed by Lindholm and Yeakley
(hat ahaped, fitting between a hollow th ok=valled tube input han
(Involey 823) and a solid aylindrical output bar, (Inceneld X 60)),

Heat: A furnace was made to entiyely encaae hoth pressura bara, (Thaves
fore no thermal gradients were encountered by the atress wavea in
these bava, which aimplified data reduction)

(NB  No numerical data ia given about the uniformity of temp. inalde tha
furnace and along the two long presaure bara, 30" each)
Teat temp.:  8t, Steed, Roam ¢ 13009 I'y Tit, alloy, Room & 90OQ%

L b ———

|Noan, Inatv.: High temp. atrain gauges (Mierodot wildable type, NG 120)
ware used at two atationa, Output fed to CRO; ¢ Sp and ty
recorded on film,
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TABLE 1=8TATIC AND OYNAMIC YENSILE PROPERVIES OF ANNEALED 310 STAINLUYS SVEEL

- b L tteny
#ooi Temperatuie nam m“‘“‘mi_)‘ol‘n f, e e———— :
Moptily T O T T flativ Dynamig® Ratiel i
Ullimate Yanalle X

Slrength, ey, kil "t 18 10 %0 R t 3 Y '
Reduction ot Area, ;

LU N ny 0.4 0.0 $H» 118
Clongation, ¥ "0 NP 0.4 8.0 ne X 1]

Logatithmic Dues

Wliys, 0 1440 0.1 0.% 0.4s) (] 73] 130
Teue Fractuie

'"‘“‘""v " kel MI MQ ‘\” ,‘v‘ N,\‘ ",'

Clastin Modutus,

LT nd ne 10 1) e (X)) _
Vatuet fram et 9 .
e st s
4 Ratie of dynamh.q 0 Vgl value

sOwin T«rﬁ- JRuls. Yand §
Sepweril ¢ D) Rete. Yand d
¢ t‘um‘uuc L) kb‘ k\.;‘m.l ()

TABLE 2--STATIC AND DYNAMIC TENSILE PROPERTIES OF TITANJUM ALLOY T1.6.2:4-2
e

Roam Iﬂfculmq W F
Property Suties Dynamnis? Raligy $ranee Dynamie?® Ra‘n_oz
Uitimate Tensile
Strongth, oy, ki 150 .4 1584 106.0 168.8¢ 1.5
Reduction of Area,
RA % .0 Q.3 092 €0.3 LY A 0.95
Elongation, % 1o 1810 0.49 Nno 20.7¢ 0.99
Logarithmic Dues
tiiyt, o 0.850% 05158 0.89 0923 0.8484 0.92
True Fracture
Strongthe, ¢y, ksl 0.2 AIPX] 148 2019 308.3 1.8
Elastic Modulus,
E 100 pal 16.0 16 1 n.ee Ay 1.0
 Test value rom manutacturer Yitanivm Metats Gorp. of Americs (
5!. 1o o Retorwnge 1Y '
¢ gpiltHopkinaon-piadsuie-nat eapshmenta i
[ ”n‘h\ 1eQuendy-lahigue vaperiments N
o Ralio of dynamic 10 Matin value )
tDwlin T JRefv. Tand 8
S AR SR AT A
1
i
{
!
- 64 - |




Impact
Tension SCHULTZ (1969), [ 34) 28

Apparatus: Transverse impact on long thin wire upecimen.
oading: Hylon projectile transversely impacting specimen at its
nid-span. .

¢ ¢t variable during test, ¢ average = 102- 103 sec”l

Mat.t Alun. 1100, annealed 800 F x 3 miny Alum, 2024, annealed 600 x 3 min;
Steel C 1010, annealed.

Spec.: Long thin wire, D = 0.0u", L = 32 ft. annealed in place, and pre- '
tonsioned,

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, BOO°F;

2024 Adlum., 200, 450, 600°F: Steel, 430, 700, 1050, 1uQQ°F i
|

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

(NB. From theoretical analysis, only measurements needed are: static
prestrain, impact velocity (from distance travelled by projectile between
flashus) and deformation angle behind transverse wave frontl.

= Strajin: Observed optically.

6, P8I :

8000 { P i

| ,»~ Dynanic :
1 P 4 ;
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utadvi ) N, SN N

.' N 7 50 ¥ :
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Stress-Strain Data, 1100 Alum,




ULTIMATE &7 AIN

ULTIMATE STRESS,

N 103 PSI
R _OYN | _DYN.
MATERIAL STATIC! DYN. [STATICHSTATIC| DYN.|STATIC
HOO ALUMINUM
200° F 20 075 .38 9.4 10.8 .15
350° F .09 044 49 4.5 1.8 .7
550° F .05 .03 .60 2.7 6.7 2.5
800° F .02 064 3.2 1.8 4.8 2.7
2024 ALUMINUM
200° F 077 .05 .65 28.0 20 1
450° F 04 033 .82 145 | 205} L&
600° F 03 .025 .83 6.0 | 20.8] 35
CI0I0 STEEL
4L30° F M .03 .28 45 48 1.07
% (FLOW)
700° F .07 .07 1.0 52 42 .8l
1050° F .04 A2 3.0 24 57 2.4
1400° F .02 QL4 2.2 6.5 39 6.0
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Impact
Tension LEECH, GREGORY and EBORALL (1954), [20] 29

e e T s e i 2 A 1 i I

Apparatus: Standard Izod impact machine fitted with a simple attachment
to perform a tension test; & max = ~ 250 sec”

Mat.: Copper base alloys (including brasses, bronzes, and coppers with
varicus ameunts of bismuth.

et e 4 e it

Spec.: Of suitable form; G. L. = 1/2" and cross section 3/8 x 1/4"

Heat: Furnace placed close to the anvil; transfer into position for test |
takes only two sec. Cooling rate ~ 10°C/sec at 700° C
Test temp: Bismuth B2aring Coppers, 350, 450, 550, 650, 750° C;
Brasses, bronzes and alum. bronzes, Room temp. up to 900° c

o Ykt

JREPICRSPT

e e

Tl Aaanion i
-

Mt omanpintd
L VT

3

1

*pesnn Soenwinad oY i
Mnitent G R R X b |
Jobme—— wOvARE dav $1AE L N '

[§ l %

T Ry 3

< 7 o Bk : : !

L 10° o L o’ f

‘ ] e L—° 2L &AN""

) ). ]

[] l . .
weewd ot o '-*;;‘;,:* s v +¥10, 3. Twpact 'l'cnnilu Bywcimen sud Detuil of Qrip,

F10. 1 —~Impact Tensilo Teater.

- 67 -~

g SR Sl 1Tk L e S S S B 553 e

nga,




‘.‘ ]
: » e Y v
H g
§ 3 19
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WMizimuh torce for quosi-static blonking,

Impact
Shear SLATER and JOHNSON (1967), ([35] 30

Apparatus: Linear Induction motor accelerating a hammer of mass 21.5 1b,
K., E. acquired is utilized for dynamic or impact blanking. \
Max. impact speed = 50'/sec:; y = 103 sec~l.

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

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

Heat: Spec. heated in separate furnace to 50-100° C above required temp.,
vhile blanking tool was preheated using a series of bars; spec. were
transferred quickly into position and blanking performed.

Test temp.: Alum., 20-500; Copper 20-800; Steel 2 -1100° C

Measurements: Phase voltage applied to motor (Vy), from which the impact vel.
of accelerated mass is determined (up = p/ .75 ft/sec) and consequently
K. E. available at impact.

{ | Aluminion B.5.1470 SIC =" T I
1din. nom. thick (0-254in.) H T~
initiolly ommected = \
fin. nom, dia, blanks v ool l
- z \
g Constont percentage
w oof~ rodial clearance =159 .
Constont per¢entoe - pl
NN rodial cearance 1158 £ 52l
x 04} B¢ | N -
2¢l8
- 2 41
2 : Copper B.5.1432 §% 3'8;
02 . AR 2 by .
3 . thick (O N 5
Comtont percentage B < Vdm‘ fam. fhic © Ia52m) o ,.'-J
rodial clearonce » 8:26 \ E niliotly anncaled
b A, : tin, nom. dio, blonks l
‘\ g
1 g_ 2 )| | A \
o vy z\%o —3&: «lxr ) ¢ ] €0 2% 30
Temperoture, *C Loggltemperoture 14C)

Fra, 15, Relntion between onxinnin foree for quasi-static blanking
and temperature at constant pererntagy rsdinl cleaenoee (haninium
RS 1470 810),
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! ! Alminium 85,1470 SIC
5 Dynomic 1Ain, no-n, thick (O 254.n,)
« 200 initiolly onneated
- X lin. nom. 6.0, blonks
Constant percentage
rodial cleoronce = 158
180}~

Energy required for blonking,
8

Oooﬂ-sioh: /
% Recrysfolhwhon

reqan -

g
T

»
8
n/

Energy requice sor blanking, ft1bf
g
i

s Block mild steed EN.2

Dynamic 2/16in, nom. thick (0491in,)
initiolly omeg'ed

{in, nom. dio, blonks

Comstunt percontoge

rocaol cheorance 24

Ouod-nohc ,,

\

;f

o e

KRt T TR 3 e = RS st e

g AR I

i R R Y = O ]

LY 100}~
\0_ I
° o
TGH\WG'WG. 'C Temp«o'uu. 'C
Comparison hetween the energy required for quasi-static ane
dymanuc blunking at elevaied temperatures
0,
Black mid steel E.N.2 LIV B 9
3/16in, eam, thick (O+131m,) ] Copper £.5.1432 I P
- initiolly anceoted -~ o V4, Amll’yht‘y:\e(ge% s2n.) M R
& . I, nom, dia, blonas N 5 lin. nom. d:o. blanks
1 g 4 g -
, S 7= TuxiB00K / N F | e
; ) é Constont percentoge radiol
5 6 T n s~  cleorancesise -
y H St Constont percentoge - & /‘
g radial clearance = 211 & . -
il G . L i
Ay tronsformation :
3~ region - B x '% ____Recrystor'sotion_
} 2 A % reg0n
] o - \
g 2 e =" § /
- ~ L1 11 ‘44 41 1
i i i { | 4| A ' O U0 GV 0ATUST UG OB 0d o
0 O 02 03 04 05 06 OT 08 039 10 Homalogous temperature (T/1,)
. Homologous temperature (T/ Ty)
!
¢
| 20
{ Aluminium 85,1470 S1C I I
! 174 in nam, thek (O-2641n.)
@ Initolly annealed -
] lin nom. dia blurks
! 16§~ -
; W9 Relation between non-dimensional energy for blanking (' p/Es)
: 7 and homologous termeraturo (177)
¥ - . at constant percentuge radial clearance
: Constant percentoge rodiol
c§ to ¢l 2|58 -
4
[ 3 oad -
&
6} -
o+ / N
. Recrystallisation
E 2 / (eqnon =1
z E
“a |
[ 02 03 04 v 5 06 O L2 5 09 o
Homologous fempserature, T/ Tu
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Dynamic
Double Shear CAMPBELL and FERGUSON (1970), [0 ]

3l

—-—

Apparatus:, Universal napid_ioad testing machine, hydraulically operated
Mean € = 2-6 x 10° sec

Mat.: Mild Steel

Spec.: Of special type with very small active gauge length (0.8% mm)
vacuum annealed at 900°C x 1 hr, furnace cooled.

Heat: Spec. enclosed within a small recistance furnace
Test temp.: 195, 225, 293, 373, 493, 71.3°K

Measurements: -~ Load: strain gage dynamometer
- Crosshead velocity: with an electromagnetic transducer.
Outputs fed in CRO & recorded on film.
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Design of shenr specimen (dimensions in milliimotrea)
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EFFECTIVE TENSILE - LOWER YIELD STRESS
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CFFECTIVE TENSILE STRAIN RATE (SEC™)

Comparison of results of tension (x ) and punch (+) tests (Campbell and Cooper
3900, Dowling and Harding 1907) with present shear test data obtained
at roomn temperature,

»n

g

g

g,

-1

f

STUh
STRAIN RATE § (10° SEC

e T
STRAIN RAYE : (10" sec™')

(0, ‘ L v ('lb’
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Varlation of lower ylcld stress with etrain rate (region 1V), (a) Zero pro-strain;
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Meas. Instr.: Strain gauges at 2 stations, output fed to CRO;

Impact
Double Shear CAMPBELL and FERGUSON (1970), [10] 32

Apparatus: Drop wt tester & modified split Hopkinson pressure bar
Loading: bx drop_ging weights from N,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 900°C x 1 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.: 195, 225, 293, 493, 713°K

€, , €, and ¢
recorded on film, I R T

[NB. Effect of temp. gradient studied and a correction factor derived

for 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 7)3%K. Possible
error at 713°K neglecting correction is #2%, Usual analysis for computing

Oy 3 €, is used.]

STRAIN_ GAUGES BIMAIN_ CAUGES,
& -

Py Y ALs 4 s ..<-T.\‘-...."T
&:..Dz..__.....h..ﬁ‘;...-.,‘\.L,\—f"“.-.\:_.;,._. v

----- TP Sonad RBAd Tt v A |
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Dynamia
Torsion HuGlHES (981), [47) 33

Apparatus: Hot torsion tanting machine. Speed 12.000 rpm

Mat.: Mild Steel, 3/4" ¢ nhot volled rod. (Steel R)
High Carben Chromium ateel, 3/4" ¢ hot rolled rod. (Steel X)

Spec.: Standard tost piece with central reduced portion.

‘

the spoc. Temp, variation along length of apecimen » WO C at 1380° ¢

Time at temp, ¢ § min,
Test temp.: 950, 1050, 1150, 1250, 1350° 4,

Heat: Platinum wound electric furnace, filled with dry nitrogen, asurrounds

[Heas. Instr.: - Torque: recorded electrically by moans of a slide wire on

a "Welghing machine."
- Revolutions to fracture: using a countaelr,

-
o)

o
Q

1o ViNY, g
Mindo. (10000  Wauinred  Yeeindio. \ 2
poe x\rw\’"" Y ) <40y
.t\."l . .-?.‘ - [N b g N .../_ “ ?
el T 1 LJ..L»-J 2 1y
L r-ﬁ‘nln.—*‘ l‘ﬁ;‘] g
| 3 14 i, - ? '
. & 1050 o 1150 O
Fig. 2—Stundard stee! torsion test plece 6 (b) MR
o b
g %9 . :
AR P ok
40 1;66._91& . "".'
7,
blo

-0t W50 1250

TENPERATURE 4 ?

Fig, 3--Fffect of testhay tonpecature on revolutlons
to fallure in torsion fstndurd  fedn, dia, test
pleces). (a) Steet 1t (b) steel X
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Dynami ¢
Yoralon WORK and DOLAN (1083), (wh) n
izt w1 AWMRTTEEI LT T BT I 34 WRTTWRAL TTER0 Y M-y g W Ty

iparatugt  Yoraion machine of apueial denigun,
M.‘!T‘Tg QOnat, , ‘ & 0,0001732,b sea-d

Naty ! AR 1018 Bteal, 878" hot relled hars
$pee, 1 Cylinderst D » 0.20%, @l » )V

Meat: 8pee. heated in fuenace durdng teating,

’ a) held at teat temp, for )/ hv, before loading
b) glven a 200 hi, aging treatmant av test tamp, hafora loading.
Teat temp,t 78, 400, 700, 1000% P

! Nean. Inatr.1 Towquer Reslatance wire gapes mounted outaide furance, on
IFTaqt of walghbar gripping one end of the apeaimeni output continuoualy
recorded on photeaenaitive papor in excillopraph,

(Data scaled from each record plotted aa tarque twiat ourve

\ [} -%Q‘ v Y 2 9% { 01 radiua, 0 & angle of twist, & » ")

Aot 0 gae W pos W

Nale,  pH A B NG

Y 3V el AL L1
Sl N it
. 4~Combined Rffects of Rate of 8traln
x:! mpetature an e Sheating Yield F10. .+~ Combined }Iﬂeglt of Rate of Strain
o‘ SAL 1018 Stecl in Torsdon, and Temperatyte on the Vield Point Ratio (ot
SAN 1018 Bieed in Tonsion,
woo
4000
3000
y o
Hroo g
&\
P T ““
DU o‘of“éTé"‘ "
I U A e ,«”\0 Shun Moie, 1 par 0 por s
ooo'o'gTwooTJ' o A i
Sicon Rale, 10 pie 1n par s8¢ " Sored
| : y e 0. 9.~ Camhined Effcets af Rate of Stral
' 2 3 4 and Yemperatnte on the I'nergy Aby M
Soend *Spechnens of SAL: 1018 :'\“;ccl"ilr\”'\l\"oc:uo:\(frlw "

F16. 6.— Comhined Fffects of Rate of Strain
and Temperature on the Total Sheatirg Steain of
] SAE 1018 Sicel in Tarsion,
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SAL 1018 Steci,
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hynamic
Toreion ORNEROD and ‘TEUARY (000) (30} 35

ml‘k_uq.a Hot torsion dynamic teating machina, of the type described by
lughea [6%). é

Speed: 606 - 52U vpm = ¥ u 0,80 - 7,1 geqd :
Nat,1 Super Pure Aluminum, extruded ban, D » -«"

Spea,t YToralon spec. with roduced eentral gauge length to cenfine daformation
t0 & given valua mntntainad at conat, temp,

Gago longth ¢ « 'i' yhow 1;

Strained 2% {n tenaion, anncaled 2hr, x 8780 ¢ ]

Heat: Spee, eneloaed in a furnace during teat

Teat tomp.: 195, 280, 300, ua0, §50° C,

Nean, Inatr,: Tour strain pauges mounted on a cantllever dynamometer actuated
y a torque arm following torque changes. Output is fed to recorder.
(True v -y cuvvoa calowlated from torque ~ 1evs curves

tw () n)T‘?wR v Te T O™ y e RO/, vy w RO/ T: torque,
Rt wadius, 01 ang. velogity]

W ¥ ¥ i g .
'-“““.‘ /
o b
{ et L
]
§' ‘
TN
e
"
Wyt I
ml OF CONPRELION ‘
A ¢
% 1 1] 1S ‘d o N J N N '
AIVOLUTIONY (%) ¢ A Tv ;

¥ig. b Terque/innolutions curves for super-pure aluminium
* ' ‘wmmm by umli(n 66 ';;mp Fig. Y Truewrensfteneatealn cnrves foo anpee-pire wlimininm wt
& atruin twte f U-Shwwy cadoubavd from duia of by, 4

N DK el e
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Tasek 1 y

Values of n Derived from Teuxlon, Torslan, amd Come
prevulon Experiments on Mild Steei

I [ '
. |1‘M|lon e O | Tonionte s on| Comprtion
Yemp, °C 0\(,, ) ! (Refi ) ' (‘R’(‘{.o:’,
! N

Y I 0125 01
1000 . 018 0:128
1 oS 017 016
'!w " 0"9 0'20

Tante I

Values of n Derived from Torwion and Compresnion
Experhinents on Aluminium

tsmp,, *C Tornlon (Present Work) "“"""(“"‘:{‘“; LAY
r 193 0-02 00}
K0 007 U6
W 0w 010
430 01 0128
480 0 014
330 018 0183
rttaepes o
w0 v v -
wee . v

TORQUE, L3 -1,
&
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€%
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40 v, Ma0ANS 3k

Fig. 2 Pl of logys T against log,y 0, to test validity of
relation T o T'n,
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Impact ,
Toralon HODIERNE (1962), [16) b !

Apparatus: Torsion machines of special design.
i conatant; slow machine: up to 10 sec"l; fast: 10/1000 s00™!

Mat.: Aluminum, Coppor, Lead

Spec.t Tubular, D = o, 375", L = 0,125", X = 0,0625"

Heat: Specimen haated in (furnace during test.
Testing temp.t up to 7450° C

' Yeas. Iustr.: -~ Torque: resistance wire strain gauges; on a terque bean in
slow machine; on hollow water cooled shaft close to one end of the specimen

in fast machine.

= Strain: wire wound potentionutes for angle of twist in slow machine;

| tooth wheel revolving past a magnotic pick.up in fast machine,

l Oui vuts fed to oscilloscope, and recorded on £ilm.

(Shearing stross and strain are calculated from torque and angle of

twist recorded, using the relations 1 = ST/?n(rg - vg) } Y 2 ro/L]

.
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Fig. | Yestpicee dimensions,
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SECTION IV

TEMPERATURE DEPENDENCE OF THE STRAIN-RATE SENSITIVITY

Most metals are believed to be strain-rate gensitive. How this sensitivity
is affected by temperature is the concern of this Appendix. To avoid much confu-
sion in comparing the results ohtained for the same metal by different investi- :
gators, a unified definition for strain-rate sensitivity and temperature is :
adopted and computed for the avallable 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.
For 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 H
material, Tm' on the absolute Kelvin scale. H

It is believed that this procedure will facilitate comparisons between |
various results obtained for the same metal, as well as for different ones. y
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 1
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, together with
some important related information, were arranged in the comparison tables which
are presented next, in the following order:

Aluminum *
Aluminum alloys

Beryllium ‘

Copper

Copper alloys

1 Iron

: Lead i

Table 1
2
3
4
5
b
7
8 : Magnesium
9

10

11

12

o8 es e es oo

¢ Molybdenum

: Nickel

: Niobium

s Steels -
13 : Titanium alloys

Preceding page blank -8 -
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