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Cylinders of EN 24 steel and commercial aluminium were compressed at 0.2 and 10.0 s~
(rapid loading conditions). The temperature rise due to plastic deformation increased with
strain rate and was significantly more in steel than in aluminium. The shape of the observed
true stress—true strain curves was similar to the temperature rise—true strain plots. In steel,
beyond a certain strain, the flow stress decreased with increasing strain, but in aluminium, a
direct relation between the observed true stress and the true strain existed over the entire
deformation range. Under rapid loading conditions the ring compression test was more reliable
than the Cook and Larke method. In both materials, in specimens of constant diameter up to a
true strain of 30%-40%, the compressive yield stress, o,, was proportional to H'/8, where H is
the instantaneous height of the specimen. Beyond this strain level, o, increased with the
diameter-to-height ratio (as seen during slow loading). The various factors that can influence
the shape of the observed true stress-true strain curves have been considered. Semi-empirical
equations have been developed which ensured that the friction-corrected data covering four to
five decades of strain rate superimposed fairly well, following suitable temperature or

temperature and strain-rate corrections.

1. Introduction

Rapid loading improves the strength properties of
materials and the rate of processing [1]. By dividing
the input mechanical energy by the mechanical equi-
valent of heat, J*, a rough estimate of the heat gener-
ated by plastic deformation is obtained [2].

Nearly isothermal conditions prevail at slow strain
rates (Part I [3]). At higher strain rates, there is a
temperature rise in the test specimen, because the rate
of heat loss to the surroundings is slower than the rate
of heat generation by plastic working. At very high
strain rates, adiabatic conditions are approached.

Non-uniform temperature rise and microstructural
variations in specimens arise from inhomogeneous
strain and strain-rate gradients which also lead to a
change in the shape of the stress—strain curve [4].

Strain localization in plane strain compression is
analysed using slip line theory and the temperature
rise here is measured using heat-sensitive films [5-11].
In plane strain compression under rapid loading
conditions [9] the observed flow stress, o, de-
creased with increasing width-to-height ratio of the
specimen up to a certain strain. Beyond this strain
level, however, there was a direct dependence between
the two variables (as seen in Part I [3]). The former
observation is not easy to explain, but is of practical
significance while reducing large sections.

A number of authors have considered the effects of
stress, strain and temperature rise. There is some

evidence that the temperature rise due to deformation
is responsible for the dependence of the stress-strain
curve on the specimen geometry [12-32]. Unambigu-
ous results, however, are lacking.

In the present study, EN 24 steel and aluminium
cylinders of different initial diameter, D, to height, H,,
ratios, Do/H,, were compressed at room temperature
under rapid loading conditions. The temperature rise
at the centre of the specimen was recorded throughout
the deformation. The coefficient of friction, p, was
determined by a ring compression test and the Cook
and Larke method when applicable, i.c. in the range
where o, oc (D/H) ratio, where D and H are the
instantaneous diameter and height, respectively. Ring
compression testing was shown to be more accurate.

Using the values of p obtained from this test, the
compressive yield stress—true strain curves were de-
rived. Semi-empirical, temperature and strain-rate
corrections were made so that the present curves
could be superimposed on the data presented in Part I
[3]. A similar study on two superplastic alloys [33]
will be reported elsewhere.

2. Experimental procedure

EN 24 steel, received as a rod of diameter 25.40 mm,
had the composition (wt %) C 0.34, Mn 0.49, Cr 0.92,
Ni 1.80, S 0.01, P 0.02 and Fe balance. Cylindrical
specimens of a constant diameter of 20.00 mm and
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different D,/H, ratios of 1.00, 0.80 and 0.67 were
machined from the rod. The smaller diameter used in
this case (compared with Al, see below) ensured that
the capacity of 100 tonne available on the hydraulic
press was not exceeded.

A slab of aluminium of composition (wt %) Fe 0.18,
Si 0.12, Al balance, was melted in a crucible furnace
and cast into rods of 50.80 mm diameter. The bars
were forged at room temperature to a diameter slight-
ly greater than 25.40 mm. Cylindrical specimens of a
constant diameter of 25.40 mm and different D,/H,
ratios of 1.00, 0.80 and 0.67 were machined from the
forged rods.

From both the as-received EN 24 steel and forged
Al rods, ring compression test specimens of dimen-
sions 19.05 mm o.d. 9.50 mm i.d. and 6.35 mm height,
H, were machined.

The two-dimensional grain size of EN 24 steel, in
the as-received condition, was 10 4+ 0.4 um. The Al
specimens were annealed at 673 K for 3.6 ks to obtain
a two-dimensional grain size of 73 + 0.2 pm.

The specimens were compressed on a 100 tonne
hydraulic press at a mean strain rate of 0.2 s~ * and on a
180 tonne friction screw press at a mean strain rate of
10.0 s~ '. The reduction in height was by about 70%.

The load, ram travel and temperature rise during
deformation were recorded using an ‘Oscillomat’,
which comprises an oscilloscope and a recording cam-
era. The small mirrors attached to the mechanism
perform oscillations that are proportional to the elec-
trical variations of the deformation phenomenon. By
means of an illuminating and imaging optical system,
the mirror throws a small light spot on the recording
paper. The X (width) directed movement of the spot
traces a curve on the moving recording paper (Y
direction). The recording paper is then chemically
developed to obtain the traces.

Ram travel was recorded using a linear variable
differential transducer (LVDT). The load measure-
ments were made using a standard electrical resistance
strain gauge dynamometer. For recording temper-
ature rise during deformation, a coaxial chromel-
alumel thermocouple of 1 mm o.d. was used. The
thermocouple was inserted into a | mm hole made up
to the axis of the cylinder at mid-height. Thus, the
temperature rise at the centre of the specimen, which
should correspond to the maximum value, could be
recorded.

Ring compression tests were also done on the hy-
draulic and friction screw presses. The amount of
compression varied between 10% and 50%.

The load—displacement curves were converted into
observed true stress, o,,.—true strain g,, plots. Max-
imum temperature rise, AT, ,,,~true strain, g, curves
were derived from the maximum temperature rise—
ram travel traces.

From the ring compression tests, the percentage
change in the i.d. of the ring-percentage reduction in
height curves was plotted for both materials.

After applying suitable temperature corrections
(and, in the case of aluminium, a strain-rate correction
as well), the results were compared with those pertain-
ing to slow loading conditions (Part I [3]).

3. Results

At either strain rate, in both materials up to about
30%-40% true strain the taller specimens had a
greater flow stress than the shorter ones (anomalous
behaviour). But, beyond this strain, up to the max-
imum level ( ~ 70%) the converse was true; Fig. la
and b for EN 24 steel; Fig. 1¢ and d for aluminium.

As the deformation was accompanied by a rise in
temperature, the maximum temperature rise at the
centre of the specimen, (AT),,.,, was recorded for each
test; Fig. 2a and b correspond to steel and Fig. 2¢ to
aluminium.

The results of a ring compression test on EN 24 steel
are shown in Fig. 3, as an example. For this test, with
steel specimens, both strain rates were used. But in
aluminium the flow resistance and the specimen di-
mensions were too small for successful testing at a
mean strain rate of 10.0s7 1.

By comparison with standard charts (see Part I [3])
the coefficient of friction, p, for steel at both strain
rates was seen to be 0.15. For aluminium p also
equalled 0.15 at a strain rate of 0.2s~ . (In the sub-
sequent calculations, the same value was also used for
a strain rate of 10.0s71)

In its range of applicability, the Cook and Larke
method gave values of 0.24 and 0.26 for p in steel at
strain rates of 0.2 and 10.0s™?, respectively. The cor-
responding value for aluminium at both strain rates
was 0.18.

4. Discussion

Owing to greater work of deformation (much higher
flow stress) and lower (by nearly a factor of 4) thermal
conductivity (ie. greater heat production and less
loss), the temperature rise was considerably greater in
steel than in aluminium. In both materials, the o, ¢,
curves (Fig. 1a—d), as well as the (AT ),,..,—&, plots (Fig.
2a~-c), the different Do/H,, ratios crossed over at a true
strain of about 30%—40%. This observation sugges-
ted that the shape of a o€, curve was mainly
influenced by the temperature rise in a test. In either
material, before the cross-over in the flow curves, the
flow stress decreased with increasing D/H ratio (an-
omalous behaviour) and this could be traced to the
increase in the (AT),,, value with increasing D/H
ratio. However, beyond the strain range at which the
flow curves crossed over, 6, increased with the D/H
ratio (conventional behaviour) as (AT),,,, decreased
with increasing D/H ratio. This result is attributed to
the greater heat loss that results from an increase in
the D/H ratio at large strain/time of deformation.
(The surface area-to-volume ratio varies as 2nr
(h + r)/nr?h.) In other words, in the beginning the
smaller heat capacity of a shorter specimen (larger
D/H ratio) leads to a greater temperature rise, while
above a certain strain the effects of heat loss to the
surroundings become more important.

In steel the temperature rise was from about 140°C
(mean strain rate = 0.257") to about 180°C (mean
strain rate = 10.0s~'). Therefore, at large strains ther-
mal softening became more important than work
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Figure 1 True compressive stress (including friction), o,,—per cent true strain, ¢, relationship at room temperature for different initial
diameter-to-height ratios, Do/H,: (O) 1.00, ( x) 0.80, (1) 0.67. (a, b) EN 24 steel, grain size 10 pm. (¢, d) Commercial aluminium, grain size

73 um. Mean strain rate: (a, ¢) 0.2s 7%, (b, d) 10.0s7 1.

hardening and the flow stress decreased with increas-
ing strain; Fig. 1a and b. In aluminium, on the other
hand, temperature rise ranged only from less than
15°C (mean strain rate = 0.2s™ ) to less than 35°C
(mean strain rate = 10.0s™'), and so work hardening
prevailed over thermal softening, i.e. the flow stress
increased with strain over the entire deformation
range (Fig. 1c, d).

For a Cook and Larke test to be valid, at a fixed
strain the specimen temperature for all D/H ratios
should be the same. This condition is not satisfied
under the present experimental conditions (Fig. 2a-—c).
On the other hand, the ring compression test has been
shown to be applicable over a wide range of strain rate
and temperature. Therefore, p obtained from ring
compression testing was used to correct Fig. 1a—d for
the presence of friction (using Equation 1 of Part I
[31). (While making these corrections, it is implicitly
assumed that p is constant throughout the deforma-
tion, and that it does not change with temperature in
the range covered by room temperature to the highest
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temperature reached in the specimen as a result of
plastic deformation. This approximation seems justi-
fied by the meaningful results that are obtained at the
end of the calculations — see later.) The curves correc-
ted for friction are given in Fig. 4a-d. In the initial
portions of these curves, o, (the compressive yield
stress uncorrected for the temperature rise) was pro-
portional to H'/® where H is the instantaneous height
of the specimen.

An effort was made to superimpose the present
results on the near-isothermal flow data obtained in
Part I [3] by applying suitable temperature and
(where necessary) strain-rate corrections. Then, mater-
ial response over five decades of strain rate could be
represented by appropriate equations. The assump-
tion was made that at any given instant the average
specimen temperature was proportional to T,
(= room temperature, Ty + (AT ),.), Mmeasured at
that particular instant. The temperature dependence
of the flow stress was assumed to be exponential and
the increase in its magnitude due to heat lost to the
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Figure 3 Percentage decrease in the internal diameter, i.d.—per-
centage reduction in height, H, relationship in a ring compression
test at room temperature. EN 24 steel, grain size 10 pm, mean strain
rate = 10.0s7 1,

surroundings was included in the analysis through f(z),
where () is function of the time of deformation, t.
That is

(GO)d oC exp[(Al/Tmax)f(I)] (1)

where A, is a temperature-independent constant that
ihcorporates an activation energy term, the gas con-
stant and the constant of proportionality between
T,.x and the average specimen temperature. If (), is
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Figure 2 (Maximum) temperature rise at the centre of the specimen,
(AT)an—¢, relationship in room-temperature tests on specimens
with different D/H, ratios (for key see Fig. 1). (a, b} EN 24 steel,
grain size 10 pm. (¢) Commercial aluminium, grain size 73 pum.
Mean strain rate: (a) 0.2s7%, (b) 100571, (c) 0.257*, and 10.0s™ L.

the isothermal flow stress, then

(0o)s < exp(4,/T,) (2)

Subscripts d and s represent, respectively, dynamic
and slow loading conditions.

In the case of aluminium, the temperature rise was
small. So the cooling effects due to heat lost to the
surroundings could be neglected, i.e. f(r) = 1. Likewise,
no strain-rate corrections were needed for steel, be-
cause of its very low strain-rate sensitivity of flow.

For aluminium, a mean strain-rate sensitivity index,
m, of 0.05 was used in the strain-rate range 8.2 x 1074
to 10.0s ! to allow for the effect of strain rate, i.e.

(08)a/(00)s oc (8a/8) 0 3)

where ¢, and &, are, respectively, the strain rates under
dynamic (rapid) and slow loading conditions. (o), is
the flow stress at a strain rate in the rapid loading
range, that is already corrected for the temperature
rise.

Based on the above approach, the following quant-
itative relationships were established.

(i) EN 24 steel

In[(00)/(Go)a] = 1930[AT /T Ty 1

£, = 02571 & < 30% () = 1, (@)
ln[(GO)s/(GO)d] = 19'306Xp(t)[ATmax/TOTmax]

£ = 02571,30% <g < 70% (5
and
In[(00)/(00)a] = 2.34 x 10°(t)**°[AT ax/ T Truax ]

&, = 100s7!

for all strains. (6)

No strain-rate correction is necessary (£,, = average
strain rate).
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Figure 4 True compressive yield stress, 5,,—¢, relationship at room temperature for different Dy/H,, ratios (for key, see Fig. 1). (a, b) EN 24
steel, grain size 10 um. (c, d) Commercial aluminium, grain size 73 um. Mean strain rate: (a, ¢) 0.2s7 !, (b, d) 10.0s ™ 1.

(i) Aluminium

In[(c§)a/(c0)a] = 8I5[AT,0\/To Trnaxl
& = 02s 1 f(t) = 1, for all strains, (7
and

In[(6§)a/(c0)a] = 698[AT 0/ To Trnax]
&, = 100s™% flr) = 1, for all strains. (8)

Subsequently a strain-rate correction is made using
Equation 3.

The data corrected using Equations 4-6 in the case
of EN 24 steel are given in Table Ja, along with results
pertaining to the slow loading range. Evidently, data
pertaining to the range 6 x 107® to 10.0s™' super-
impose well.

Using Equations 7 or 8 and Equation 3, the data
concerning aluminium are compared in Table Ib with
results pertaining to a (slow) strain rate of 8.2
x 107*s~ 1. Once again, the correlation between the
slow loading and rapid loading test results is good. In
a relative sense, however, the correlation is inferior for
aluminium than for steel.

Thus, data spread over five decades of strain rate,
involving ranges where a temperature rise was present
as well as absent, could be well correlated using the
present semi-empirical method. Alternative ap-
proaches based on the finite element or finite differ-
ence analysis are likely to be more involved.
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Finally, equations similar to Equations 3-8 are
useful in the choice of equipment as well as process
optimization.

5. Conclusions
Based on the present experiments under rapid loading
conditions, the following conclusions were drawn.

1. In both EN 24 steel and commerical aluminium
the temperature rise due to plastic deformation in-
creased with strain rate (because of reduced heat loss
to the surroundings).

2. On account of the considerably greater work of
deformation (arising from a much higher flow stress)
and lower thermal conductivity (which leads to less
heat losses), the temperature rise was significantly
more in steel than in aluminium.

3. The shapes of the observed flow stress—true
strain curves and the maximum temperature rise—true
strain plots were similar. In steel, beyond a certain
strain level the flow stress decreased with increasing
strain. (The large temperature rise led to thermal
softening.) As the temperature rise in aluminium was
rather small, in the entire range the observed stress
and strain were directly related.

4. The ring compression test was more reliable than
the Cook and Larke technique for evaluating the
coefficient of friction.



TABLE I Friction, temperature and strain-rate corrected flow stress at different true strains for specimens of different Dy/H, ratios

deformed at various strain rates
(a) EN 24 steel

Strain rate Do/H, Friction and temperature corrected flow stress (MN m ™ ?) at true strain (%) of
(s™h ratio
20 30 40 50 60 70
0.2 1.00 896 946 1045 1050 1050 1055
0.80 915 965 1045 1050 1050 1050
0.67 940 985 1045 1045 1050 1050
10.0 1.00 931 995 1045 1055 1060 1050
0.80 956 1017 1045 1050 1050 1050
0.67 981 1037 1045 1050 1045 1045
6.0x 1073 Independent
(see Part I: of Dy/H, 932 975 1020 1035 1043 1048
Table Ib) ratio
Maximum error in prediction (static loading condition is used as the base):
5.3% 6.4% 2.5% 1.9% 1.6% 0.7%

(b) Commercial aluminium

Strain rate Dy/H, Friction, temperature and strain-rate corrected flow stress (MNm ™2) at true strain (%)
(G| ratio
20 30 40 50 60 70
0.2 1.00 64.0 78.0 87.5 92.0 94.0 95.0
0.80 64.5 79.0 88.5 93.0 95.0 96.0
0.67 65.5 80.0 89.5 94.0 96.0 96.5
10.0 1.00 59.0 73.0 81.0 85.0 86.5 88.0
0.80 60.3 73.3 81.7 85.8 873 89.0
0.67 61.0 75.7 82.4 87.0 89.0 90.5
82x 1074 Independent
(see Part It of Dy/H, 72.5 79.5 84.0 87.0 89.0 91.5
Table Ia) ratio
Maximum error in prediction (static loading condition is used as the base):
18.6% 8.2% 6.5% 8.0% 7.9% 5.5%
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