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3 3
3 An account is given of experiments using a torsional split Hopkinscn- ?
4
3 bar apparatus, by means of which short tubuler specimens can be subjected E
: :
9 el <.
A to shear strain rates up to 3000 sec 1. The methods of calibration and a
,‘ i
- 3
% data reduction are described, and static and dynamic shear properties are E
3 ;
given for mild and stainless steel, titanium, copper, yellow brass and é
aluminium. Some of the results are compared with existing data obtained %
3 in shear, tension and compression tests on similar materials, and the sig- f
4
N
nificance of the observed rate dependence of the flow stress is briefly ?
:
: discussed.
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l. Introduction

s heclia Tk 2 o

The use of a thin-walled tubular specimen subjected to pure torque has

considerable advantages in determining the flow stresses of materials. These

o Alre b iH

advantages are largely due to the absence of Poisson's-ratio effects which

lead to necking or barrelling in tests under axial loading, and the conse-

TR AT RNy

quent limitation on the strains that can be achieved. 1In dynamic tests, a

further advantage is that inertial loading due to lateral expansion or con-
traction is avoided; assuming that wave effects within the specimen are
negligible, the inertial loading is essentially zero at constant strain rate,

whereas in tension or compression it increases with the sguare of the strain

v

crank 7 a Ao L o paa s EATS S PR 433

rate, thus setting an upper limit to the rates at which accurate data can be

obtained (Klepaczko 1969, Samanta 1971).

A minor disadvantage of the torsion test is that the strain varies

radially within the wall of the tube, However, for specimens of wall thickness

pivianve it Paiidtd

5
equal to 10% of the mean radius the stress variation will amount to only a b

T

few percent for a typical ductile material in the work-hardening range, and

PRI TR

Qo SO IR

the error due to ueglect of this variation will be very small.

%

From a review of the available technigues of dynamic testing, Duffy et

PPN

al. (1970) concluded that the most éirect and convenient method for deter~

o f il maitia

mining dynamic flow properties of materials is the split Hopkinsorn pressure-

-
p¢
k.
bar adapted for torsion. Two types of loading wave can be used in such an %
b
apparatus: a short duration pulse of approximately rectangular form, or a ;
large duration pulse approximating to a step function. For given wave speeds %
3
and lengths of bar, the latter allows larger strains to be achieved, and it %
A
<
is employed in the present investigation. %
2
In earlier work (Campbell and Dowling 1970, Lewis and Campbell 1972, Z
&
Nicholas and Campbell 1972) various devices have been develcped for obtaining 3
2
steep-fronted torsional waves by means of the release of a pre-twisted elastic ;
bar. This method has now been used to test a variety of metals and alloys, h
;
;i
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as part of a research programme aimed at obtaining engineering data for
these materials and also assessing the types of micro-mechanism governing

their rate dependence. The present report gives dynamic shear stress-

Prias o pugrdnest MR IR

strain results for strain rates in the range 250 to 3000 sec_l; these re-

P

H sults are compared to those obtained at quasi-static strain rates, and to

g :
- some of the existing data on similar materials. 4
8 b
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2. Description of Apparatus

The apparatus was built on an & ft. long torsion machine bed, at one end
of which was a motor and gear box giving four speeds (35, 10, 30, 90 degrees/

minute); at the other end was an Avery mechanical torquemeter. The general

assembly is shown in Figure 2.1, and a schematic diagram of the mechanical and

electrical apparatus is shown in Figure ¢.2. A loading Lbar 27 in. in length

was ccnnected to the gear box, and a tubular specimen was connected between

the loading bar and the recording bar of length 14.5 in. As seen in Fig. 2.1,

this bar was made with a square nut at its far end, by which it could be grip-

ped for calibration purposes. The diameter of the bars was 7/8 in. and the

material was aluminium alloy (BS 1476, HE 15 WP) with a nominal 0.1% tensile

proof stress of 58,000 psi. A frictional clamp was designed to hold a torque

of 500 to 1300 in-1lb by a high-strength notched steel bolt which tightened

the clamp. Cortinued tightening of the notched bolt caused it to break, thus

releasing the stored energy in the pre-~twisted loading bar. As a resuli, a

loading wave was sent down the bar and through the specimnen into the recording 3

bar. An unloading wave was simultaneously sent up the loading bar as slown in

eyt Tt nt

the (x, t) diagram of Figure 2.3.

Two sets of TML FCA-3 Rosette foil~-type strain gauges were attached to

Y S el e

the bar by CH- cement at two stations on the loading bar. Each set consisted

T

of a pair of gauges forming a four~arm bridge, the two pairs kaing located at

opposite sides of the bar to eliminate any bending signals. The output of one

set of gauges was fed to a Sanborn 321 recorder and was used to indicate the

total pre-loading torque applied. The output of the other set was fed to a

Tektronix 551 dual-beam oscilloscope and gave the input-wave amplitude. 1In

order to eliminate undesired bending effects due to tightening the clamp, a '
frame incorporating two bearings in the loading~bar section and two bearings

in the recording bar section was provided. These bearings were accurately

machined with brass foil shielding the aluminium bar, and were aligned with
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a stainless steel bar before being fixed to the bed of the machine.
Since the signal in the recording bar was small for weak specimen

materials, four pairs of gauges were located at one cross~section, positioned

90 degrees apart around the recording bar.

oo T SOV RN

This set of gauges gave twice the

x5

QLT MY 2R s S el RS A 4T

T e e e

magnification of the input set.

=

The sp-2cimen was glued to the bars by CN-

cement - an acetone scluble cement.

YR

The CN~-cement joint could hold a torque

of more than 250 in~lb which was sufficient to yield the specimen. The ad-

NI T

vantage of using the CN-cement was its instantly drying property, which pexr-

mitted many tests per day.

ot Ao

All gauges outputs were first fed to a switch box, to which Farnell E30-

_ type stabilized-voltage supplies and a resistance box were also connected.

With known shunt resistances, all gauyes were calibrated to give the corres-

ponding torques. From the switch box, the inputs were fed to the D-type

plug~-in units which gave differential outputs. These differential outputs

were in turn fed to the 1Al plug~in units in the Tektronix 551 oscilloscope

. which had 4~cm maximum beam deflections.
{

P ey LR vy T PO SROE LSS S B e
A e T

The trigger system consisted of a spring wade of a thin metal strip,

TRy =)

-

which was placed across the clamp and formed part of an electrical circuit.

ADRIAY

When the clamp bolt broke, the spring lost contact with the clamp to break

. YT
deogdaaiing TR e o b i A

A

the circuit and thus trigger the oscilloscope; the circuit is shown in

35

Figure 2.4(a) and the spring strip in position on the clamp in Fig. 2.4(b).
l The specimen materials were supplied in the form of rods of 1 in.
2 diameter. The specimens were first machined to a nominal size, and after
’ being heat-treated they were measured by a travelling microscope, at least

two readings being obtained for each dimension; the average of these readings

A was used in the calculation of the results.
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2. cCalibration

3.1 Static Calibration

Static calibration was done in three independent ways:

~—

(a) A known torque was gradually applied at the end of the recording bar by

means of dead-weight loading on a lever arm. The recording and loading

bars were connected together and the end of the loading bar was fixed at

the gear box. Both clockwise and counterclockwise torque measurements

were performed.

(b) A torque was applied at the end of the loading bar by means of the motor

and gear system (35 degrees/min), while the end of the recording bar was

balanced by dead weights on the lever arm. Both clockwise and counter-

clockwise measurements were performed.

(c) A torque was applied at the end of the locading bar by means of the motor

and gear system (3§ degrees/min) while the end of the recording bar was

connected to the mechanical torquemeter. Hence the torque was obtained

directly from reading the calibrated dial on this meter. Both clockwise

and counterclockwise measurements were performed.

3.2 cCalculation of Torque by Shunt Resistance

Since one set of gauges form a four-arm bridge, a variable shunt resis-

tance box was used to simulate the strain in the gauges, as shown in Figure

3.1. The voltage change AV across the bridge is directly proportional to

the normal strain € as shown in Figure 3.1(a) and is inversely proportional

to the shunt resistance R_ as shown in Figure 3.1(b), for RC >> r . The

torque T is directly proportional to the strain ¢ , and the strain is in-

versely proportional to the shunt resistance. Hence the torque is inversely

proportional to the shunt resistance, i.e. T = C/Rc ¢ C being a constant

which was determined by the following tests.

Each set of gauges was tested by connecting it to a Sanborn recorder.

The deflection on the Sanborn recorder corresponding to each torque applied
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to the bar was then balanced by adjusting the shunt resistance. Taking average

readings for the clockwise and counterclockwise tests, which eliminated the

friction involved in the bearings, consistent relationships between torque and

calibration resistance were obtained. The torques (in-lb) expressed in terms

of shunt resistance (Kf?) for the three gauges were found tc be as follows:

S R R LR [

: 3

3 Static gauge T, = 20.5 x 10 4
: 0 R 5
%, c K
% 17.5 x 103 é
o Input gauge T, = =" i
. 1 R L
: ¢ §
: 3 f
; Output gauge T = 35 x 10 ﬁ
2 2 R %
: c £
4

i 3.3 Dynanmic Calibration

(a) By switching in the shunt resistance, a simulated torque in the bar was
b
expressc1 in terms of the deflection of the oscilloscope or of the fan- 4
born recorder. The sensitivity of the oscilloscope was set to 0.05 V/Div* §
3
and the time scale was set to 50 usec/Div. The reference resistance for i
the input gauge was Rc = 45 K which gave the corresponding torque %
3 %
Tl = lz;ézg_ﬂl = 388 in-ib. For the output gauge Rc = 102 K@ , g
13
35 x 10° %
the torque T2 vas —~E§——— = 343 in~1lb. The results are shown in b
kS
[+ »
Figure 3.2. )1
N
(b) A dunmy specimen was cemented between the loading bar and the recording 5
bar. A pre-loading torque was applied to the loading bar by means of the b
]
motor and gear system; this torque (To) was measured by the Sanborn ’i
recorder. The corresponding calibration resistance was 660 K@ so that {
3
20.5 x 10> §
= - = in=-1%., ¢
To 660 311 in-'» !
4
As the bolt in the friction clamp broke, half of the total pre- 3
. é
* ] pivision = 1 cm on the oscilloscope screen. ;
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loading torque, i.e. To/z, was sent down the bar. This torque was first

recorded by the input gauge as Tl and through the dummy specimen was

again recorded by the output gauge as T2 . The resulting trace is shown

in Figure 3.3. It was found that Tl = 149.5 in-1b and Tz = 146 in-1lh.

In this test the error was ('I‘1 - Tz)/'rl = 3.5/149.5 = 2.3%.
In all tests the pre-loading torques were recorded on the Sanborn recorder,

and the values of TO and 2'1‘1 were compared. It was found that for

all tests (To - 2Tl)/Tc was within 5%. For this particular test the
creor is (TO - 2T1)To = (311 ~ 299)/311 = 3.9%.

The differences between T0 and 2T1, Tl and T2 were due to
friction losses in the bearings.

Dynamic calibrations by inserting shunt resistances were performed on

each gauge immediately before and after each test.
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4. Bending and Static Tests

4.1 Bending Test

The shear-wave speed and bending-wave speed for propagation along a

bar are approximiitely of the same magnitude. Hence, to eliminate bending

effects is an important requirement in dynamic shear tests. The following

procedures were used to check the amount of bending present.

A dial gauge was set on top of the bar near the clamp to indicate the

maximum deflection of the bar; the apparatus was adjusted sc that this was

less than 0.002 in. during tightening of the clamp. Two bending gauges were

placed on the dummy specimen, and using the same sensitivity for both channels

of the oscilloscope, the bending stresses were recorded separately in two per~

pendicular directions during two dynamic shear tests. The results are shown

1n Figure 4.1, and it is clear that the bending stress is negligible compared

to the shear stress.

4.2 Static Test

The end of the recording bar was made to have a square nut so that it

could be fixed to the machine bed or connected to the Avery torque meter. In

a static test, with the specimen cemented between the loading and recording

bar, the end of the recording bar was fixed to the bhed, and the end of the

loading bar was twisted by the motor and gear box at 3% degrees/min. The
3

static gauge on the lo:ding bar was connected to the Sanborn recorder which

recorded the total torque on the bar and the time. The time gave the total

angle of twist of the bars and the specimen, i.e. the sum of the elastic defor-
mation of the loading and recording bars and the elasto-plastic deformation of
the specimen. Thus, the shear strain of the specimen was obtained from the
total angle of twist by subtracting the elastic twist due to the bars; this
twist was obtained by repeating the test after replacing the specimen by a

dummy specimen, that is, a short bar, one inch long, of the same material and

the same diameter as the loading and recording bars. The mean shear stress in
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the specimen wall was obtained by the formula T/21rr_n2tk , where T is the

torque recorded by Sanborn recorder, r_  is the mean radius of the tubular

specimen, and tk is the thickness of the specimen. The dimensions of the

loading and recording bars and the specimen are shown in Figure 4.2.
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5. Reduction of Data

;

5.1 One-bimensional Torsional Wave Theory

Ak T

1

The clementary theory of torsional wave propagation was used to calcu-

. late the dynamic stress-strain relationship for the specimen. This theory
3

neglects end effects due to the change of cross section area between the
& specimen gauge length and the bars; however, an exact analysis* shows

that these effects are negligible for pulses such as those occurring in the

present tests. Accordiny to the elementary theory, the relationship between

torque and angular velocity for a unidirectional wave is as follows:

T = Jpcw %
i q
E where T = torque (ft-1lb, Nm) 3
: ¥
A
i d = diameter of the loading and recording bar (ft., m) E
e 4
X J = polar moment of inertia of the bar cross-section (ftq, m4) 7
+ p = density of the bar (slug/ft3, kg/m3) 3
] i
; ¢ = shear wave speed along the bar (ft/sec, m/sec) 5
4 2
2 Joc = torsional impedance of the bar (ftz-slug/sec, kgmz/sec) 3
E w = angular velocity of the bar (sec-l).

RPN

The input wave approaches the specimen with a torque T1 ; T2 is the

) amount of torque transmitting through the specimen, and (72 - Tl) is the

amount of torque that reflects at the specimen and loading bar interface back

3 into the loading bar. This torque is negative since the interface is almost

¢ a free end. The angular velocity at this interface is found by subtracting

the reflected torque from the input torque and dividing by the torsional impe-

dance of the bar. The relationship is therefore as follows:

Tl - (T2 - Tl) ZTl - Tz
wl = = - .
Joc Jpc

The angular velocity at the interface of the specimen with the recording bar

is:

€
i

2 TZ/JDC .

Campobell & Tsao, i972.
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¢ :

f Since the specimen is short, the waves acting on both ends of the specimen can é

i be considered to occur at the same time. This gives the difference of the

i angular velocities as i

i bw = 2(T, - T,))/Jpc .

! 1 2)/ p

¢ The average shear strain rate in the specimen is then given by

3

S Y = Awrm/l .

E

E The shear strain y is obtained by integration:

)

y = I ydt = (x /%) f Aw dt .

The relationships of shear rate, shear strain and time are illustrated in

Figure 5.1. The average stress in the specimen is as given before:

g T D N, O g TS ST Mg TR 2SRRI

2
T = T2/21rrm t

YT TRy Y e ¥ NS ANERS 2B FTT RS PR
IR N

kK ° 7
;
5.2 Numerical Values ¢
o
>
The numerical values for the bars (diameter d) are as follows: f
d = 7/8 in. = 0.0729 ft. = 0.0222 m. ;
J = 3%-d4 = 0.0576 in? = 2.78 x 10°® £t* = 2.40 » 1078 n?.
. 3 .. 3 3 3
p = 0.10 lb/in~ = 5.37 slug/7t” = 2.77 x 10" kg/m".

c = 0.125 in/ sec = 1.08 x 107 ft/sec = 3.175 x 10° m/sec.

Joc = 0.1553 ftz—slug/sec = 0.211 kgmz/sec.

SOt

If the torques are measured in in-1b units, the equations become:

2
dw = 1.07 (T1 - Tz) rad/sec, %
and %
¥ o= 1.07(r /) (T - T, sec L. i
: oyt g T v it e P A e e e e 1N s By
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] 6. Dynamic Test Results

6.1 Mild Steel EN2A

(a) Preparation of Specimens

CI LN INE LR Sk

. . -4
The specimens were annealed in a vacuum furnace, at pressure of 1.5 x 10

mm Hg, at 750°C for 2 hours and furnace cooled. The dimensions of the speci-
men were measured by a travelling microsccope after heat treatment. The chemi-
cal ccmposition (wt. %) of the steel was as follows:

C Mn Si S p Ni Cr Mo Cu 0, N,y
0.075 0.40 0.005 0.018 0.025 0.11 0.02 0.018 0.08 0.012 0.004

{b) Torque - Time Records

Typical dynamic torsion test records for mild steel EN2A are shown in
Figure 6.1.1. The first trace is the input torque which had a rise time
about 25 usec. The input pulse lasted akout 180 usec before the reflected
wave arrived at the gauge position. At about 105 psec ufter the wave arrived
at the input gauge, the transmitted wave arrived at the recording gauge; this

wave lasted 200 usec before the arrival of the wave reflected from the end of

R AT A LB ity P R «.-;r-:;fnkl-.\?n?A’.\&’(&W‘L&}:’éu‘lzﬁﬁ:\fm\1‘_(!t.:tu:(xzﬂva‘.u‘m:7.?.'!:D).','.x'&d:::itsl.‘rﬁ{'c.‘iﬂm' FRARAL 2 W T

the recording bar. The end of the bar had a square nut integral with it, so

ez

SR

L

that a positive incremental torsional wave was reflected there, as shown on

the trace. The locations of the strain gauges and the clamp were g0 designed

3
that the specimen was subjected to torsional straining for the same length of %
time as that indicated by the recording gauge trace (see Figure 2.3). During é
this interval of time the input torque at the specimen is approximately con- %
stant. In the calculation the duration of the recording signal was used. é

After the tests, the microstructure of a few specimens was examined. A g
typical micrograph of the specimen is shown in Figure 6.1.2. It shows a uni- é
form microstructure with a mean ferrite grain density of 689 grains/mmz. §

4

(c) Stress ~ Strain Curves

By using the equations given in section 5, the torque-time curves were
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k. converted into strain rate-time, stress-time and stress-strain relationships ;
4 :
i The strain rates were integrated with respect to time to obtain the strain by 5
s 9
z finite-difference and Simpson's~-rule methods. The engineering shear stress %
s ¥,
r;: w
? and engineering shear strain relationships from the steel tests are shown in e
4 i
}- »
3 Figure 6.1.3., fThe engineering shear strain rates covered in the dynamic %
] 7
% tests were from 900 sec—l to 2700 sec-l. The quasi-static test was perfocmed é
o n.
2 _1 R
a3 at 0.0042 sec ~. The upper yield stress from the quasi-static test is 18,000 a
4 g
1 psi. The corresponding lower yield is at 17,000 psi at & strain of ~2%. At 5
«
3 S
l R -1 R . . . R %
lr the strain rate 270C sec = the upper yicld i: at 51,000 psi and the iower yield H
. d
3 %
3 is at 29,500 psi. The strain of the lower yield at this strain rate is ~8%. ?
b, B
3 The strain at the lower yield point increases as the shear strain rate increases.
i
é After the lower yield strain, the work-hardening curve appeared to be of the
s 2
E same slope for all dynemic and static tests at the same shear strain. §
; ¥
3 (d) Strain Rate - Strain Curves

Typical curves showing shear strain rate as a function of shear strain :

are plotted in Figure 6.1.4. It is seen that the strain rate at 2700 sec-l %

became essentially constant at a shear strain cf approximately 8%; the cor- ;

3 responding strain at 1300 sec“l was approximately 6%. These strains are ?
é roughly equal to the respective lower yield point strains. It is also szen %
é that during the initial elastic straining the strain rate increases rapidly %
: with increase of the shear strain. During the interval between upper yield i
and lower yield, the rate of increase of strain rate decreases with the in- §

3

crease of strain. After the lower yield point the material work-hardens at %

u

nearly constant shear strain rate, é

(e) Stress - Strain Rate Curves %

In Figure 6.1.5 the shear stress is plotted in terms of the logarithm é

A

of shear strain rate for constant shear strains between 10% and 40%, From i

this figure, a significant increase of stress is seen between the strain rates i

of 102 and 104 sec ~. The results are in good agreement with those obtained by j
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Campbell and Lewis (1969) for the same material in torsional tests, as shown

g b eY 2

in Figure 6.1.6.

s,

in ordcr to permit comparison with results of tension tests, the von

Mises yield criterion may be assumed, according to which the tensile stress o ,

strain ¢ and strain rate & , are related to the shear stress Tt , strain ¥y

and strain rate y by the equations

T o= o//3, vy = V3¢ and § = /3¢
Fig. 6.1.6 shows the results of tensile tests at low and medium rates (Campbell
and Cooper 1966) converted in this way, o being taken as the nominal or

engineering stress at € = 11.5% (y = 20%). To permit precise comparison of

these data with the present results, it would be necessacy to convert the

stresses to true values, and to take into account the differences in grain

size and composition of the two materials, From the Hall-Petch relation

b ]
o = o, +k d : ’
1 b4
where d  is the mean grain size and k= 0.74 MNm‘3/

Ly T et
A g AT e 3 A 1k By SR § B VA TR A ek bR Lactad

A A

2 for steel {(Armstrong
1968), the tensile yield stress of the material tested by Campbell and Cooper
is expected to be about 63 MN/m2 (9.1 kpsi) higher than that of the present
material., However, the lower carbon content (0.045%) and the reduction of
cross sectional area during extension effectively compensate for this increase,
so that the stress values at strains from € = 12% to ¢ = 24% correspond
closely to those measured at y = 203 in the present tests.

The lower vield stresses obtained in various otner tests are compared

with the present results in Fig. 6.1.7 and it is seen that there is general

T T S AN I R e e O e S SRS w0

agreement; however, the rate sensitivity at high rates is found from the

present results to be nearly an order of magnitude greater than that at lower
rates. This is believed to indicate that viscous damping effects are becoming

important in controlling dislocation motion at these rates.

A similar increase in rate sensiiivity is shown by the results of shear
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tests on specially shaped specimens (Campbell and ferguson 1970), although this

increasc occurred at somewhat higher strain rates.
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6.2 Mild Steel EN2D

(a) Preparation of Specimens

The specimens were annealed in a vacuum furnace, at a pressure of 1.5 x

10-4 mm Hg and a temperature of 700°C, for 4 hours and furnace cooled. The

dimensions of the specimens were measured with a travelling microscope after

heat treatment. The chemical composition of the steel was as follows (wt. %):

Cc Mn Si S P Ni Pb

0.082 1.07 0.03 0,255 0.065 0.14 0.005

Microscopic examination showed that the grain density was in the range
190-260 qrains/mmz, i.e. considerably lower than that of the EN2A steel; how~

ever, there were still 7 or 8 grains across the wall thickness of the speci-
men, and more than 3000 in the cross-sectional area,

(b) Torque - Time Records

Typical torque-time records are shown in Figure 6.2.1. Due to a slight

malfunction in the release of the clamp when the bolt broke, the input torque

curve is not flat after the rise time. However, the variation of the input

torque does not significantly affect the general yielding and strain-harxdening

behaviour of the material, since the variation of the specimen strain rate is

not large. The recording torque shows a distinct upper yield point and a

lower yield strain which is followed by a deformation showing strong work-

hardening. The pulse rise at the end of the recording signal was again due

to the wave reflected fr m the square nut at the end of the recording bar.

(c) sStress - Strain Curves

The shear-stress vs. shear-strain relationships are shown in Figure 6.2.2.

The curves show the strong work-hardening effect. The lower yield stress in

the quasi-static test was 14,500 psi at a shear Strain of about 1%, and with

increase of shear strain rate the yield stress increased and the corresponding

yield strain increased as shown by the dashed line in Figure 6.7.2.
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(d) Strain Rate - Strain Curves

The variation jn the strain rate during the dynamic tests is shown in

Figure 6.2.3. At a nominal strain rate of 1500 sec"l, for example, the rate

B ah f

was 1550 set:"1

Yoms cria e oS AN LIRS LN

at a strain of 5% which corresponds to the lower yield stress;

]

7

after the lower yield strain the strain rate increased to 1775 sec-l at a

strain of 10%; the rate then decreased to 1500 sec-1 at a strain of 20%, and

to 1200 sec-l at a strain of 30%s. The amount of variation in shear strain

DRI o S TR g

rate depends on the variation of T1 - T2 , i.e, the difference of the input

R
T TR S LRI IS L SRk O Srinat M

and recording~bar torques. T2 shcws a drop followed by an increase during

g Vo

the strain~hardening process, while '1‘l shows an inverse variation. The

nominal strain rate was taken as thc average value for each test.

(e} Stress ~ Strain Rate Curves

The strain-rate sensitivity of mild steel EN2D is shown in Figure 6.2.4.

In this figure, the stress is plotted against tne true strain rate for strains

of 5, 10, 20 and 30%. For example, in the test at a nominal strain rate of

1500 sec_l, the stress of 64 kpsi in the strain-hardening region corresponds

to a strain of 30%, when the true strain rate was 1200 sec~1. The figure

B T LY A O TP T IS LI R L S T s Bl L S S PR TSR PORS

also shows that the stress increases significantly when the strain rate is

2 TS
T T T TS R A S VR T AT e S kil

greater than about 102 sec-l. In fact the material starts to show signifi-

s ss . -1
cant rate sensitivity at a strain rate of 1 sec

(f) Effect of Grain Size on Icwer Yield Stress

LA X v o B R R D ek O Frad

The specimens tested at nominal strain rates of 900 and 1200 sec-l were

3

3
found to have mean grain-size parameters (d !)

of 3.7 and 4.0 mn : respec-

3o

A e Rt oot (AT

tively.
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The lower y:eld stresses for these specinens are plotted in Figure

6.2.5, together with the value obtained at a mean strain rate of 2700 sec"1

for the EN2A steel. Also plotted in the figure are lines derived from the

NP EIREEN S A i ey

tension tests of Campbell and Harding (1960) for nearly pure iron. These

lines have been determined by using the von Mises relationships given on the
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fiqure; it is seen that they agree reasonably well with the present data, after
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allowance is made for the difference in quasi-static yield strength, which
is caused by the higher impurity content of the present material,

(g) Comparison of Results for Iron and Mild Steels

Figure 6.2.6 shows a comparison of the rate sensitivity of the EN2D steel
with those obtained »y Yen and Yew (1969) for iron and by Tsubouchi and Kudo
(1968) for a mild steel, both from torsional tests. Due to the limitations

of the apparatus used, a small range of strainc was covered, but within this
range the data are in good agreement with the present results.

The variation of lower yield stress with strain rate is shown in Figure

6.2.7, for EN2A and EN2D., It is seen that the rate sensitivity increases

significantly for both materials at a strain rate of 103 sec-l, the sensi-
tivity being greater for EN2D than for EN2A,

The rate sensitivities of the flow stresses of the two steelc are com-

pared in Figure 6.2.8. The rate sensitivities of the EN2A and EN2D increase

significantly at vates of about 103 and lO2 sec'-l respectively, this difference
probably being due to the difference in grain size.

At low strain rates

(<1 sec-l), little differcnce in the rate sensitivities is found.

6.3 Titanium

(a) Preparation of Specimens

Commercially pure titanium was received as rods 1 in, an diameter, After

the specimens were machined to the nominal size (Fig. 4.2), they were
annealed in a vacuum furnace at 700°C for two hours, where the pressure was
kept at 1.5 x 10-4 mm Hg. An approximate spectrographic analysis of the

material showed that the specimen contained less than 0.1% of each of the

elements Fe, Mn and Si. The dimensions of the specimen were measured indi-

vidually with a travelling microscope after heat treatment., Each specimen

was cleaned with acetone before it was attached to the testing bars with CN-

cement, After test, the microstructure was photographed and is shown in

Fig. 6.3.1; it consi~ts of equi~axed grains of a phase, there being about 10
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grains across the specimen thickness.

(b) Torque - Time Records

Typical oscillograms are shown in Fig. 6.3.2. +i&he input torque T

1
rose from zero to its full magnitude in about 25 psec. Due to the incom-

plete release of the clamp, the input torque continued to increase slightly
after the rise time, The output torque shows a clear yield point though
no yield drop, which is followed by a nearly linear work hardening curve.

The output torque lasted about 180 usec before the reflected wave arrived

at the recording-bar gauges.

(c) Stress ~ Strain Curves

The shear-stress vs, shear-strain curves for different strain rates are
shown in Fig. 6.3.3. The strain rates covered in the dynamic tests were
between 250 .;ec'_1 and 2000 sec-l. A clear strain~rate dependence is seen
in the figure, the dynamic stresses being much higher than the stress in
quasi-static tests at 0.0043 sec-l. The dynamic yield stress at the strain
rate of 1250 sec"1 is more than twice that in the quasi-static test.

The yield point becomes more marked as the strain rate is increased,
and at the highest rate (2000 sec-l), an approximately constant work-hardening
rate is reached soon after yield. In general, however, the work-hardening
rate at large strains is little affected by strain rate,

(d) Strain Rate - Strain Curves

The variation of strain rate with strain in the dynamic tests is shown
in Fig. 6.3.4. Since the input torques were slightly increasing and the
rate of work hardening after yield was not large, the strain rateg in these
tests were fairly constant during plastic straining, except at a mean rate
of 250 sec_l, when the strain rate increased rapidly to its maximum value
and then decreased gradually to its final value. 1In Fig. 6.3.3, the dashcd

line indicates the strains at which approximately ronstant rates were reached.
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(e) Stress - Strain Rate Curves

BE A O

o~

The stress vs. strain rate curves for constant shear strains are shown
in Fig. 6.3.5. It is clear that the (logarithmic) rate sensitivity at rates

of the order of 103 sec~1 is considerably greater than that at lower rates,

.
- ’”

R ST

though in the absence of data at intermediate rates the exact rate dependence

cannot be determined. However, the data of Nicholas and Whitmire (1970) for

AT pt e

annealed 50-A titanium tested in shear show that at rates between 10-3 and

25 sec-l the rate sensitivity is constant and approximately independent of
strain. Results fox a strain of 10%, taken from their report, are plotted in
Fig. 5.3.5 and it is seen that the rate sensitivity is slightly less than that

4

indicated by the present data. The higher absolute stress level may be attri-

Sty 2 R R S Lk bR X R

fi buted to the greater grain density (1100 to 3000 gr/mmz) of the material

tested by Nicholas and Whitmire.

6.4 Stainless Steel

(a) Preparation of Specimens

The stairless steel (ENS58B) was received as xods 1 in. in diameter, This
material is an austenitic 18 Cr/8 Ni steel similar to AISI 321, having the
following specification (wt. %):

’ C 5i Mn S P
<0.15 >0.20 <2.00 <0.045 <0.045
Specimens were machined to the nominal size (Fig. 4.2), and their dimensions
measured with a travelling microscope. No further heat treatment was caxried
out on these specimens. Araldite cement was used to connect the specimen to
the testing bars; this required at least 24 hours curing before the tests

were performed.

(b} Torque - Time Records

Two oscillograms for the stainless steel are shown in Fig. 6.4.1., The
recording-bar traces show some fluctuations during the strain~hardening pro-

cess. The reasons for these disturbances are unknown, and in some tests
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] smooth curves were obtained. 1In analysing the data, an average curve through
? the fluctuations was used. From the traces it is seen that the stainless

f steel had an approximately linear strain-hardening region following the yield
; point.,

% (c) Stress - Strain Curves

< The shear-stress vs. shear-strain curves are plotted in Fig. 6.4.2.

é The strain rate ranged from 0,0043 sec_1 to 2100 sec-l. It is seen that all

the data lie within a zone of 10% in stress deviation. The static-test
; curve is at the bottom of this zone and gives a yield stress of 48 kpsi.
The mean yield stress for the dynamic tests appears to be approximately 50
kpsi. The strain-hardening curves for all the dynamic tests had the same

slope. From this figure, it is apparent that stainless steel 321 EN58B has

L SR AL

a small rate sensitivity.

(d) Strain Rate - Strain Curves

The variation of the strain rate with strain is shown in Fig. 6.4.3.

Rk Ly,

%4

By comparing the results shown in Fig, 6.4.2 with those of Fig. 6.4.3, it

FARN,

is seen that at the yield strain of about 0,8%, the strain rate had not yet

e

2

reached its finmal value. After the yield point, the material began its

SONLA Ve

strain-hardening process while the strain rate was increasing, until about

RN

31 strain where it became approximately constant., It is seen in Fig. 6.4.2

that between the shear strains 0.8% and 33, the slope of the curve in each

P AR e v

IR IR T

FaEea I i)

test is flatter than the slope at strains greater than 3%, Due to the strain

D )

hardening and a roughly constant input torque, the strain rate decayed as

o

fu
.

the strain increased.

2,

3 (e) Stress - Strain Rate Curves

The stress, as a function of strain rate at constant strain, is shown
&

"
(520 2% IS TOAN J 2501

in Fig, 6.4.4. It is seen that the stress is almost constant for strain

rates from 10-'3 sec-l to 103 sec-l. In the neighbourhood of 103 sec-l, the

Te A

A prvs

stress appears to decrease with increasing ratc, though this may be due to

scatter in the data. However, it is interesting to note that Baruch, Rosen
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and Bodner (1968) found that stainless steel shows discontinuous yielding

under certain conditions when the strain-rate sensitivity is negative. Such

an inverse rate effect could therefore explain the fluctuations on the torgue-

time traces found in the present tests.

6.5 Copper

(a) Preparation of Specimens

Commercially pure copper was received as rods 1 in. in diameter. After

the specimens were machined to the nominal size (Fig. 4.2), they were

annealed in a vacuum furnace at 550°C for 24 hrs. at a pressure of 1.5 x 10'4

mm Hg and furnace cooled. The precise dimensions of eacn specimen were

measured by a travelling microscope after heat treatment.

to connect the specimens to the testing bars. The chemical composition of

the copper was as follows (wt. %):

Ag Bi Fe Ni 0] Pb Sn

0.002 0.0002 0.0005 0.001 0.029 0.0005 0,002

The high~conductivity copper is 96.48% in purity, but it should be noted

that the copper is not an oxygen-free copper.
After test, the microstructure of one specimen was examined, and the
grain density was found to be 1320 gr/mmz. The grain structure is uniform,

as shown in Fig. 6.5.1.

(b) Torgue - Time Records

Typical oscillograms for copper in the dynamic shear tests are shown in

Fig. 6.5.2. Due to the imperfect release of the fractional clamp, the in-

put torque curve was again not as flat as was intended. The deviations in

the input torgue depended on the breaking conditions of the notched bolt,

and they were found to be negligiblc when the input tcrque was large, This

seems to indicate that they are of an approximately constant magnitude, in-

dependent of the clamping torque; their cause may be an unsymmetrical release

of the clamp. The clamping torques for the copper tests were between 530

CN-cement was used
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and 1325 in.lb, The output traces shown in the figure indicate that the

copper did not have a marked yield point, but had a strong strain-hardening

process.

(c) Stress - Strain Curves

The shear-stress vs. shear-strain curves for copper in the static and

dynamic tests are shown in Fig. 6.5.3. The static test was at a strain rate

of 0.0043 sec-1 and the strain rates in the dynamic tests were between 1125

sec"1 and 3000 sec-l. The static stress was found to be lower than the dynamic

stress for the corresponding shear strains, as shown in the figure. The
dynamic stress points lie in a band of stress deviation 1 kpsi about the
average line through the whole band. The dynamic over-stress increases with
the increase of shear strain., For example, at the shear strain of 10%, the
shear stress was 8 kpsi in the static test; at the same strain, the dynamic
shear stress ranged from 10 kpsi for the rates between 1125 Sec-l and 3000
sec-l, so the average dynamic over-stress was 3 kpsi. At a shear strain of
20%, however, the dynamic shear stresses were from about 14 kpsi to 16 kpsi
for the same range of strain rates, and the average dynamic over-stress was
7 kpsi.

(d) Strain Rate - Strain Curves

Curves of strain rate vs. strain for all the dynamic tests on copper
are shown in Fig. 6.5.4. It is seen that the nominal strain rates were
reached at strains increasing from 1 or 2% at the lowest rate to 6 or 7% at

the highest rate. In the early stages of straining, therefore, the strain

rate was increasing rapidly.

(e) Stress - Strain Rate Curves

In Fig. 6.5.5, the stresses at three constant shear strains, 5%, 10%
and 20%, are shown for the quasi-static rate of 0.0043 sec-1 and for strain
rates of the orxder of 103 sec-l. The slope of the stress versus log strain

rate curve increases quite rapidly with increasing strain.
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(£f) Comparison with Existing Data

Dynamic tests on copper have been performed by many investigators. 1In
Fig. 6.5.6, three sets of results are plotted. The compression results of
Kolsky and Douch (1962) and of Lindholm (1964) have been converted into shear
stress and shear strain by the von Mises relations shown in the figure; also,
the equivalent shear strain rates for Lindholm's tests were calculated from
the relation ¥ = V3¢ . The stresses obtained by Lindholm were considerably
lower than those obtained by Kolsky and Douch.

Baker and Yew (1966) performed shear tests on copper at strain rates

between 4 x 10-4

and 2100 secﬂl. The range of dynamic shear strains was only
from about 10% to 20%.

From the figure, it is seen that a precise comparison among all these
tests is difficult. The data corresponding to the same strain rates do not
acree well for the same strains, though the data for each investigation are
consistent in that the static stress is lower than the dynamic stress at any

given strain. The discrepancies could be caused by differences in impurity

content and in grain size of the materials tested.

6.6 Yellow Brass

(a) Preparation of Specimens

The alloy was received in the form of 1 in. diameter rods, the specimens
were machined and their precise dimensions measured. The specimens were
cleaned with acetone before being attached to the testing bars by CN- cement.
No heat treatment was carried out. The chemical composition of brass was

analyzed spectrographically and found to be as follows (wt. %):

Al As Bi Cu Fe Mg Mn Ni P
0.01 0.02 0.002 64 0.4 0.005 0.02 0.2 0.02
Pb Sb Si 5n Ti Zn

0.1 0.005 0.01 0.2 0.005 35
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é After test, a specimen was etched in a solution of alcoholic ferric
% chloride and the microstructure was examined. The result is shown in Fig.
% 6.6.1, from which it appears that the alloy contained an appreciable amount g
é of the B phase, indicating a non-equilibrium condition. :
E (b) Torque - Time Records é
; Figure 6.6.2 shows two typical oscillograms for brass. The rise time g
E of the input signal was about 20 usec, after which the input torque was al- é
é most constant until the wave was reflected from the end of the input bar. %
3 by
E The output signal arrived 104 usec after the input signal. It is seen that é
% the brass has a fairly definite yield point, followed by strain hardening g
% at a relatively small rate compared to that of copper. Immediately after i
i the test shown in Fig. 6.6.2(a), the oscilloscope was manually triggered
E to produce two base lines. In Fig. 6.6.2(b), the oscilloscope was triggered
E once before the test and once after the test. It is seen that the trace on
% the output channel drifted slightly. This slow drift did not affect the
% result, however, because the duration of the test is only 0.4 millisecond.
% (c) Stress -~ Strain Curves
: The shear-stress vs. shear-strain curves for the various nominal strain

rates are plotted in Fig. 6.6.3, the dynamic rates ranging from 800 sec-'l to

2500 sec-l. In the static test, the shear stressec are lower than those in

the dynamic tests at the same shear strains. The yield stress in the static

test is 22 kpsi, while the yield stress at the shear rate of 2500 sec-l is

31 kpsi. 1In this figure, we can see clearly the differences among all the
dynamic tests. This shows a significant rate sensitivity for the brass,

though it is not large compared to that of pure B.C.C. metals. It is

interesting to consider the curve for 2500 sec-l. The stress increased to

the yield point and plastic flow then started with a small strain-hardening

rate; at larger strains the work-hardening rate increased. The material

yielded at the shear strain of 2% where the shear strain rate was at about

£
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1500 sec-l and was still in the process of increasing (see below).

(d) Strain Rate ~ Strain Curves

The variations of shear strain rate during each dynamic test are shown
in Fig. 6.6.4. For the test at a nominal rate of 2500 sec-l, the rate did

not become nearly constant until the strain reached 10%. Hence, the stress-

strain curve shown in Fig. 6.6.3 can be studied in two parts. The first
part consists of the elastic straining, yielding and the early plastic
straining part; during this part of the deformation, the strain rate was
continuously increasing. The second part is the work-hardening curve cor-

responding to plastic flow at approximately constant strain rate. Thus the

increase in the slope of the curve at a strain of about 10% seems to be
direct evidence of the rate sensitivity of ti.e material.

{e) Stress - Strain Rate Curves

The rate sensitivity of the brass at three different shear strains,
10%, 20% and 30%, is shown in Fig. 6.6.5. The results of dynamic tests at

the strain rates of 800 sec‘-1 to 2500 sec'-l are compared with those of the

static test at 0.0043 sec-l. It appears that the brass increases its flow

stress linearly with increase of the logarithm of the strain rate, though
there is some indication that the rate sensitivity is greater at the highest

rates; the rate sensitivity is also seen to increase with strain.

6.7 Aluminium

(a) Preparation of Specimens

Commercially pure aluminium was received in the form of 1 in. diameter
rods, from which specimens were machined, annealed in a vacuum furnace at
350°C for two hours and furnace cooled. The specimens were cleaned with
acetone before being attached to the testing bars with CN- cement. The chemi-~

cal composition of one specimen was analyzed after test. The results showed

a purity of 99.74%, the composition being as follows (wt. %):
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Cr Cu Fe Ga Mg Mn Ni Si Zn

0.001 0.001 0.18 0.01 0.002 (©,001 0.001 0.06 0,007

(b) Torque - Time Records

Typical oscillograms for aluminium are shown in Fig. 6.7.1. It is

seen that the output signal is fairly small, but with the available equip-

03

ment, the use of the foil gauges, and the size of the specimen, this was
the maximum amplitude that could be used at the time of testing. It is

seen that there is a fairly well defined yield point followed by work

P i U A M B o AT

hardening at a decreasing rate.

(c) Stress - Strain Curves

The shear-stress vs. shear-strain curves for both static and dynamic
tests are shown in Fig. 6.7.2. 1In the static test, the specimen gauge
length was 0.1 in., that is, twice the length used for the other materials
in the static tests; hence, the strain rate for the static test was half

as large. The dynamic tests covered strain rates from 600 sec-'1 t0 2800

eSOy ,.\-‘;an;-,g,m?n" ¥ Age il Mo TR\ A AY AR M LAY

sec—l. The static yield stress of the aluminium is about 2 kpsi, while
the yield stress at a strain rate of 2200 sec_1 is about 4 kpsi. The
dynamic over-stress is larger at larger shear strains, rising to about S

kpsi at 40V strain; the percentage increase in flow stress rises from about
50% at 5t strain to 80% at 40% strain.

(d) Strain Rate - Strain Curves

The variation of strain rate during each test is shown in Fig. 6.7.3.
In the test at a nominal rate of 600 sec-l, the rate became constant at a
strain of 3%, while in the test at a nominal rate of 2800 sec.l, the rate
became constant at a strain of 68. Thus a constant rate of straining was
only reached after the specimen had been strained well into the work-
hardening region.

(e) Stress - Strain Rate Curves

The rate sensitivity of aluminium can be seen from Fig. 6.7.4, in which

A L mrm £ 3 T TAS IR e s S eas R N SR et R R A




-, = a & Lt et Ay ST
I o ok IRC R Sttty £ MR R AR L . AR R e e, 5
WP L e

- 27 -

AT T

3 the shear stresses at three different shear strains (10%, 20% and 30%) are

% plotted against the logarithm of the strain rate. The rate sensitivity (assumed §
i constant over the range of rates covered) increases with strain. ?
§ The present data for a strain of 10% are compared with those obtained

§ by Campbell and Dowling (1970), Klepaczko (1968), and Campbell and Lewis

(1969) in Fig. 6.7.5. The rate sensitivity given by the present data is

TR T TR

higher than that of Campbell and Dowling but lower than that of Klepaczko

T

and about the same as that obtained by Campbell and Lewis. Differenc:s in

TEYT

the absolute stress levels are presumably due to the differences in purity
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and possibly heat treatment.
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7. Discussion and Conclusions

The work described in the present report was undertaken to exploit the
advantages of the torsional split Hopkinson-bar apparatus as a means of
determining the mechanical properties of materials at large strains and strain
rates. It has been shown that the method can produce consistent results for
a wide variety of metals and alloys, at mean strain rates in the range 102 to

1

104 sec . At the higher rates, shear strains up to 50% have been attained.

In cases where comparison with earlier work is possible, good general agree-

I A A P AR 4T ) T P e e B B VAL S e A i BN TN e
i
=\

ment has been found; it is considered, therefore, that the way is open for a
systematic study of the effect of factors such as temperature, pre-straining
and microstructure on the dynamic flow behaviour of materials. Such a study
should throw light on the operative micromechanisms of plastic flow, in
addition to giving useful information for the formulation of macroscopic con-
stitutive relations.

The results presented in Section 6 show that all the materials tested are
to some degree rate-sensitive, but that in general the increase in flow stress
between strain rates of order 10-3 and 103 sec-l is less than 100%. Such a
relatively weak dependence indicates that the logarithm of the strain rate is

more appropriate than the rate itself as a measure of the speed of deformation,

and this in turn suggests the applicability of thermal-activation rate theory.

%

According to this theory, the (plastic) strain rate is given by g

¥ = ¥, exp(-4G/kT) , :

where ?o is the maximum rate that could theoretically be achieved if all %
the available elementary deformation processes were activated,

4G is the free activation energy of activation,
k is Boltzmann's constant,
and T is the absolute temperature.
The observed logarithmic rate dependence of the flow stress can thus be

interpreted as being caused by the stress dependence of AG . Defining the
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3 rate dependence as ?
i W= (du/ammy), E
g H
% where 1 is the macroscopic flow stress, it follows that 3
: 1 (ii“_’g) LV
- ’
u 91 " nk?T
where V* = -n(aAG/Br)T , the activation volume,

and n is a factor which relates the applied shear stress to the critical

resolved shear stress.

Assuming that ?o does not vary by more than say an order of magnitude
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as the stress increases due to changing the strain rate by a factor of 106,

ORI

the value of u gives a direct indication of the activation volume V* .
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This quantity is a measure of the size of the elementary deformation mechanism.

xhl2

For F.C.C. metals, in which this mechanicsm is believed to be the intersecticn

of dislocations (Seeger 1955, 1956}, V*

Lh AT et

is expected to depend on the dislo-

L TR

cation density and thus to decrease as the plastic strain increases; for B.C.C.

Y

p et

and H.C.P. metals, however, a stress dependence is likely since lattice fric-

tion (the Peierls force) is thought to be important.
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A full comparison of experiment with theory requires the measurement of
p as a function of stress, strain and temperature; since in the present work

temperature was not a variable, such a comparison is not yet possible. How-

ever, the results cf Figs. 6.5.5 and 6.7.4 indicate that for the F.C.C. metals

copper and aluminium u does increase with increasing strain, at constant

temperature. This is in agreement with the results of various other investi-

. s
RTINS 2 W = AR L SR e

gators cbtained in compression tests, which have been compared in a recent

review (Campbell 1973). Using the von Mises relations to convert from shear

ESTENE T ]

to compression, the slopes of the lines plotted in Figs. 6.5.5 and 6.7.4 cor-

ey

respond to rate sensitivities rather greater than those determined from com-

pression tests on similar materials, but the differences are probably not sig-

nificant.
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Fig. 6.6.5 shows rate sensiti-ities for yellow brass which are about twice
those of copper at the same strains; this difference may be accounted for by
the presence of (non-equilibrium) B.C.C. B-phase grains. The general stress
level is of course raised by alloying with zinc, though the work-hardening rate
is little affected (see Figs. 6.5.3 and 6.6.3).

The results for the mild steels are in good agreement with data
obtained by other workers (see Figs. 6,1.6 and 6.1.7). They shcw that the rate
sensitivity of the lower yield stress is roughly constant up to a strain rate
of about 103 sec-l, but that of the flow stress increases continuously with
increasing stress or strain rate. Such an increase could be due to a stress-
dependent activation volume, or to a variation in the mobile dislocation den-~
sity which governs io . At the highest rates, the rate sensitivity of the
lower yield stress increases sharply, as found by earlier workers (see Campbell
and Ferguson 1970). The stress—~strain curves (Figs. 6.1.3 and 6.2.2) show a
marked yield drop and 2 yield strain which increases with strain rate. Dif-
ferences in the general stress level and in the work-hardening rate seem to
be associated with grain-size variation, rather than differences in composition

{see Fig. 6.2.5).

The rate sensitivity of titanium (Fig. 6.3.5) is essentially independent
of strain, its value at rates up to 103 sec-l being about an order of magnitude
greater than those of copper and aiuminium. At rates above 10 sec—l there
seems to be a considerable increase in rate sensitivity. Aas pointed out in
section 6.3(2), the results are generally consistent with those of Nicholas
and Whitmire, the small difference probably being due to variation in grain

size. The rate sensitivity below 103 sec-l is comparable to that found from

compression tests on a Ti 6Aal 4V alloy containing both H.C.P. a-phase and B.C.C.

g-phase (Lindholm and Bessey 1962.. Fig. 6.3.3 shows that the work-hardening

rate decreases rapidly with increasing strain at low strain rate, while at high

rates it is necarly constant after yieid.
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Results for stainless steel (Figs. 6.4.2 and 6.4.4) show a small rate

T TR TR T R R LR S

sensitivity, comparable to that of copper, which is essentially independent of

ST

strain. There is some indication of a negative rate sensitivity at high rates,

which has been discussed in section 6.4(e). The work-hardening rate is unaf-

fected by strain rate.

It should be pointed out that no account has been taken of adiabatic

heating of the specimen during the dynamic tests. Such heating will normally

A T iy S Tt e Lo e LTI

reduce the flow stress at large strains and hence the isothermal work-hardening

TET

rate will be greater than that indicated in the plotted curves. For the same

reason the rate sensitivity at large strains would be greater under isothermal

conditions. The evaluation of these effects will be undertaken when data are

available at temperatures other than ambient.

b, ok e S R B R

The considerable increase in rate sensitivity which has been observed in

mild steel and titanium tested at the highest rates may be caused by a change

in rate-controlling mechanism. This phenomenon requires further investigation

using even higher strain rates and tests over a range of temperatures.
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r = Gauge resistance

Ar= Change of resistance

E = D.C. Voltage supply

Av= Change of voitage

Ar/r=AVIE

r-Ar r+Ar €= Normal strain=zA{/L

AN L= Original length of gauge
Q Al,=Change of length

S = Gauge factor Ar/r, AV/E
ALY €

a) Torsional Strain

r+lr r-Ar

€= AV/ES

Y = Engineering shear strain=2¢
T=Torque = (4G %) €

J = Polar moment of inertia of the bar

G = Shear modulus
d = Bar diameter

=462 L
T=(4G r ES)AV

b} Shunt Resistance

C=GJr/Sd

e

Fig. 3.1 Gauge bridge circuits
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Oscilloscope Sensitivity 0.05 V/Div for both Channels
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Comparison of torsion and bending waves
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