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Introduction

The traditional way of determining the constitutive
behavior of metals is to conduct a set of experiments in ten-
sion, compression or torsion, at preselected temperatures and
constant true strain rates and use the resulting data in calcula-
tions of the process parameters. The manner in which the con-
stitutive data is employed is far from settled. Empirical rela-
tions may be established and there are several from which to
choose or multidimensional data-banks may be set up with
strain, rate of strain, temperature, prior thermal-mechanical
history and pre-test grain sizes as the independent variables
from which the results are retrieved as required (Lenard et al.,
1987).

In order to reduce the number of variables during testing for
strength, the strain rate is usually kept constant. It is recog-
nized, however, that in metal-forming operations the rate of
straining does not remain constant and it was this fact that
gave rise to the present project.

McQueen and Jonas (1971) refer to the variation of strain
rate during extrusion and state that

. . . ““The ideal way to determine power and the max-

imum flow stress is to use a test programmed to
simulate the strain rate profile of the working
process.”’

Results, obtained by the plane-strain compression test,
which was developed by Watts and Ford (1952), were dis-
cussed by Weinstein and Matsufuji (1968). They concluded
that better correspondence of predicted and measured roll
forces and torques was obtained by the use of plane strain
material strength data than by the use of uniaxial compression
data.

Kokado et al. (1985) refer to the variation of the rate of
strain from entry to exit during strip rolling. Wray (1986), in
order to model the hot flow strength of a niobium bearing
microalloyed steel, uses the strain rate as a variable in the roll
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behavior during the two types of tests was found not to differ in a significant

Sah and Sellars (1979) studied the dependence of the soften-
ing processes in hot, plane strain compression of a ferritic
stainless steel. They subjected the samples to continuously in-
creasing or continuously decreasing strain rates and compared
the response to that exhibited using the traditional constant
true strain rate mode. In a single deformation experiment, the
constant strain rate was taken to equal 5.5 s—!, the increasing
strain rate - to simulate extrusion - varied from zero to about
18 s~1, in an exponential fashion - while in the test, simulating
flat rolling, the strain rate dropped from about 6.5 s~! to
zero. The steel’s response appeared to be strongly dependent
on the strain rate history.

In a recent series of publications Urcola and Sellars (1987a,
1987b, and 1987¢) studied the constitutive behavior of a fer-
ritic stainless steel and two types of aluminum when subjected
to plane strain compression under conditions of varying strain
rates. They found that when the rates of strain -were increased
or decreased by at least one-half order of magnitude, the
metal’s resistance to deformation also changed significantly.
Further, they concluded that the stainless steel and the Al—1
percent Mg follow a mechanical equation of state but that
commercially pure aluminum does not.

To the best of the authors’ knowledge, no results from com-
pression tests, in which the rate of strain varies exactly as in
flat rolling, have been published. This then led to the formula-
tion of the present project whose purpose is stated as a study
to discover whether that variation of strain rate, when
simulated in compression testing, would effect the shape or
the magnitude of the flow curves.

Rate of Strain During Flat Rolling

Assuming that the rolls remain cylindrical during the pass
and sticking friction exists between the strip and the work
rolls, it is simple to show that in the roll gap the strain rate
varies from a maximum at entry to zero at exit, as given
below:

a1y 2R’singé
" by +2R'(1—cose)
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The mean strain rate is then obtained by integrating over the
theoretical contact length and becomes
iln d
¢

While the assumption of the existence of sticking friction, at
least for hot rolling, has been recommended by. researchers
(Alexander, 1972) several studies have shown that it does not
represent actual conditions very well (Sparling, 1977; Lenard,
1986). If slipping between the rolls and the strip is accounted
for the variation of the strain rate from entry to exit will be af-
fected significantly. Roberts’ (1983) formula may then be used
for it gives the strain rate experienced by the strip in terms of
the strip height at the neutral point (4,) and its location («) as

é? =2v,h cosatang/h? 3)

where v, is the surface velocity of the roll. The average strain
rate is also derived by Roberts; it is

o = YO T IR )

hyih,
where the usual ‘‘small angle’”’ approximations have been
made e.g., tan ¢=¢ and ¢?=2(1—cos¢). In order to use
equations (3) and (4) for calculations one must, of course,
know the location of the neutral point. One of the usual ap-
proaches is to follow Roberts and let o= ¢,/2 which leads to

&=

@

hy=0h,+h))/4 %)
and the mean strain rate then becomes
. v, (3h, + hy)cosa -
=g NG h)/R. ®)

Perhaps a more natural approach is to take the forward slip
of the rolled product into account which is defined as

f=@,—v)/v, %)
where v, is the exit velocity of the strip and hence,
measureable with relative ease. Then, letting ¢ in equation (1)

represent the angular velocity of a point on the strip surface,
the strain rate as a function of the angular variable becomes

é=20,h,(1 + fHitang/h? (8)
whose average value in the pass is obtained as

1+ [1 1
=g +2R) Lh,

2R’
—_— ). 9
hz—h1+2R’)] ©)

The similarity between the strain rates given by equations
(3) and (8) is immediately apparent. The nature of the varia-
tion of ¢ is pedicted to be identical by both. The magnitudes
differ significantly however, and it is the ratio of the constant
terms in (3) and (8) that governs those magnitudes.

It is, of course, the different definitions of the neutral angle
that cause the discrepancies. In equation (3) the assumption
that the neutral plane is halfway between the entry and exit
was made. For equation (8) considerations of the equilibrium
of the strip in the roll gap yielded the required information.

+____1n(_
(h+2R") "\ h,

80

— Roberts {1983), slipping
. Roberts (1983), stlcking
¢ Present predictions
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Fig. 1 Comparison of the variation of strain rates as predicted by
Roberts and the present authors

The second consideration is felt to be the more realistic one
and predictions from equation (8) are believed to be close to
reality.

A comparison of the variation of the strain rate in the roll
gap as predicted by the above formulas requires an expression
for the forward slip in terms of the process parameters. A
useful equation, based on Ekelund’s relation for the location
of the neutral angle is given by Cao (1979), giving the forward
slip as a function of the reduction, roll radius and the coeffi-
cient of friction in the form

fe h —h, (1_ 1 /hl—h2>2
ah, 2 R’

which was obtained with the usual small angle assumption.

For a typical set of parameters Fig. 1 presents each of the
three rates of strain, as given by equations (1), (3), and (8).
Significant differences in strain rate predictions are observed,
especially when slipping is accounted for in the derivations
and large reductions are considered. At lower strains all three
formulas indicate that ¢ decreases from entry to exit. In excess
of r= 30 percent, the rates of strain, given by equations (3) and
(8) increase to a maximum value before they fall to zero on
exit.

(10)

Experimental Equipment, Material, and Procedure

Equipment. The experiments were carried out on a
microprocessor controlled servohydraulic testing system, built
around an Instron Model 1331/1332 unit.

Details of a subroutine in the control program driving the
servovalve determine the motion of the piston. By prescribing

Nomenclature
h, = strip thickness at the )
neutral plane ¢ = strain rate
R’ = flattened roll radius - r = reduction é,, € = mean strain rate
V = voltage v, = roll surface velocity p = coefficient of friction
[ = forward slip v, = exit velocity ¢ = angular variable
h = strip thickness a = location of the neutral ¢, = roll gap angle
h,, h, = strip thickness at entry and plane ¢ = angular velocity of the rolls
exit, respectively €, = Steady state strain w = angular velocity of the strip
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Fig. 2 Constant strain rate flow curves at 950°C

an exponentially decaying voltage the actuator travels to cause
constant true strain rate throughout its stroke.

Alternatively, by transforming the independent variable in
equation (8) from angle to time, integrating to solve for the
current height and using the result to drive the servovalve
defines its response such that the strain rate, during compres-
sion of the samples, varies as in flat rolling.

The time-voltage signal to be sent to the servovalve is
developed next. This requires an expression of the angular
velocity of the strip, given- by

w(9) =v,h,/(R" hcose). (11)

The incremental change in the angular variable is A¢ = w(¢) A?
where At is the time increment. The roll gap angle is increased
accordingly and the current strip height is then obtained from

MO =h, + 2R’ [1—cos¢(f)] (12)
and the voltage, to be generated by the processor is defined as

V(t)=1— [h(®)/hy] Y32 (13)
and passed to the servovalve.

Strain rates of up to 15 s~! on the 1332 frame and up to 50
s~! on the 1331 are reached, using specimens not higher than
20 mm. The dynamic response of the system is adequate; even
at high speeds, when the time taken to overcome the inertia of
the servovalve is significant, command and feedback signals
differ by no more than 10 percent. Data acquisition is
achieved by the A/D converter of the computer and the
resulting true stress - true strain curves are obtained directly on
the attached plotter. Further, to simulate the conditions in the
finishing train of a hot strip mill, interrupted compression
testing, up to 20 stages, can be conducted, within a highly
stable, split resistance furnace. Details of the testing facility
have been published by Lenard (1985).

Material The material was obtained in the form of hot
rolled strip. Its chemical composition in weight percent is
given below:

C Mn V. Nb P Al'S Cr Ni Si Cu Fe
.13 1.55 .049 .028 .013 .07 .008 .23 .33 .28 .34 rest

The nitrogen content was 50 ppm for the steel.

Procedure. The pretest heat-treatment involved annealing
the 6 mm diameter, 9 mm long axially symmetrical specimens
for 2 hours at 1000°C followed by cooling in air and solution
treatment at 1250°C for 20 minutes. Quenching in water en-
sured that all alloys remained in solution.

The samples, whose ends were recessed to a depth of 0.1
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Fig. 3 Flow curves resulting from constant and varying strain rate
experiments
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Fig. 4 Dynamic response of the testing system; ¢ =0.05 s—1

mm, were placed in the preheated furnace and after a wait of 5
minutes the compression test was performed. Molten glass
lubricant was used to minimize friction at the ram-sample
interface.

Results and Discussion

As the first step in evaluating the steel’s response to varia-
tions in the rate of straining during upsetting, its constant
strain rate behavior was established. The flow curves, ob-
tained in uniaxial compression at 950°C are shown in Fig. 2
for strain rates of 0.005, 0.05, 0.1, 1, 5, and 10s~!. The curves
were corrected for frictional effects, using friction factors that
were determined from hot ring tests (Wang, 1988). The con-
stitutive behavior usual for microalloyed steels is observed; the
initial hardening is followed by softening due to dynamic
recrystallization. Steady-state flow occurs beyond strains of
approximately 0.7 for the slower tests and about unity for the
higher rates.

Experiments, during which the rates of strain vary were con-
ducted next.

Two tests were performed to sitmulate a reduction of 75 per-
cent, both at 950°C and at average rates of strain of 55! and
0.05 s~! respectively. The corresponding flow curves are
shown in Fig. 3. In both variations of ¢ as prescribed by equa-
tion (8) were used, making certain that the average values
equal those of the constant rate tests. In the figure the solid
lines represent behavior under constant strain rate conditions
and the symbols denote the varying strain rate response.
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Fig. 6 Flow curves for 50 percent reduction

In analyzing the response of the metal it is helpful to con-
sider the dynamic response of the testing system during the ex-
periments. These are shown in Fig. 4 for the 0.05 s~} flow
curve depicting the ‘“‘command’’ signal, which refers to the
strain rate variation given by equation (8) in addition to the
“feedback,’’ giving the actual strain rates, experienced by the
sample. It is observed that the testing system is performing
adequately.

The varying strain rate test loads the sample at a signifi-
cantly slower rate at the beginning than in the constant strain
rate test. In both experiments of Fig. 3 this results in the cons-
tant strain rate flow curves indicating higher strength sooner
than the varying strain rate curves.

At é=0.05 s~! the varying and constant rate curves reach
plateaux of 115 and 120 MPa magnitudes, respectively. The
strains at which the peak strengths occur are identical for the
two tests at ¢, =0.34. The strain rate experienced by the sam-
ple of the varying rate is 0.04 s~! at that level of strain, in-
dicating that the steel’s strength has not ““‘caught up”’’ yet with
the rate. Its metallurgical structure requires some more time to
reach the constant strain rate expectations.

The higher rate experiment shows essentially similar
behavior for both constant and varying ¢é. Some differences of
strength are observed, especially near the peak strain.

It is interesting to compare the current results to those
shown in Fig. 1 of Sah and Sellars (1979). Some similarities in
behavior may be observed, especially the delayed reaction of
the steel’s resistance to deformation. In these authors’ varying
strain rate test the initial value of é equals 6.5s7!, 1 s~ ! more
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Fig. 7 Flow curves of a 9 stage “jump” test, a constant and a varying
strain rate experiment

0.08

0.08

0.04

Average

€
-1
(sec™) *Jump Test"
0.02 X é=¢ ()
0 ! : L L 1 ) 1
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 18

€

Fig. 8 Dynamic response of the testing system during the jump test

than the constant rate experiment. This causes the flow curve
corresponding to the former rate to be about 4 percent above
that of the latter at the start. As the strain rate decreases the
strength also falls. At a strain of 0.42 the varying rate dips
below 5.5 s~! but the corresponding crossover of the stress-
strain curves happens only at ¢=0.53, indicating the time re-
quired for the microstructural evolution.

Equation (8) indicates that the strain rate variation during
the compression test is a function of the total reduction as
well. The next set of experiments were designed to examine the
effect of this dependence on the metal’s response. The results
are shown in Figs. 5 and 6, both of them giving flow curves for
corresponding sets of constant and varying strain rate tests.

For a reduction of 30 percent - see Fig. 5 - and for 50 percent
- see Fig. 6 - the earlier conclusions are reinforced. While some
local changes in the metal’s resistance to deformation are evi-
dent, no significant variations are found.

The results presented in Figs. 3, 5, and 6 were somewhat
unexpected and a little bit surprising. As the rate of strain in-
creased to a value about 40 percent in excess of the average,
the material’s strength was expected to rise, reflecting its in-
creased resistance to deformation. This however did not occur
in any of the experiments and the stress levels required for
steady state deformation in the constant true strain rate tests
are found to be practically identical to the corresponding
magnitudes in the varying strain rate tests.

In order to obtain convincing proof of the lack of signifi-
cant strength variation, the experiment using é =0.05 s ! was
repeated. However, instead of allowing the voltage of equa-
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Fig. 10 Flow curves predicted by a mechanical equation of state

tion (8) to drive the servovalve, a 9-stage ‘‘jump test’’ was con-
ducted such that the strain rate during each ‘‘jump’’ remained
constant. The resulting flow curve is compared to its constant
and varying ¢ counterparts in Fig. 7.

The magnitudes of the jumps in each stage were chosen such
that the strain rate variation of Fig. 3 was approximated.
Figure 8 shows the actual response of the testing machine as
well, superimposed on the é ~ e curves of Fig. 4. As observed,
the flow curves corresponding to the jump test and to the con-
tinuously varying ¢ experiment are not significantly different,
Both show practically identical peak strengths and peak
strains. Both indicate that the rates of hardening and softening
reach equilibrium beyond a strain of about 0.6. The carlier
conclusion, that variations of the strain rate as given by equa-
tion (8), do not produce significant changes in constitutive
behavior, is reinforced.

Urcola and Sellars (1987a) have indicated that a ferritic
stainless steel’s behavior follows a mechanical equation of
state. Assuming that this is valid for the present material as
well, a simple analysis, utilizing an equation of state, may also
be used to substantiate the above results. In order to do this, it

is useful to consider the Arrhenius equation
é= A [sinh(ao)]"exp(— Q/RT) (14)

which for high stress levels and constant temperatures can be
written as

é = Bexp(Bo). 15)
Equation (15) is inverted to give the material’s strength as
o=alné+b (16)
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where ¢ and b depend on the magnitude of the current strain.
The slope, a=0dc/d(Iné), may be obtained from the flow
curves of Fig. 2 and for a temperature of 950°C its average
values are given in terms of the ratio of strain and the steady-
state strain in Fig. 9. Note that beyond the peak strain the
curve is essentially flat, indicating that in that regime the slope
is independent of ¢/¢,,. The parameter b is then determined at
a particular value of the strain rate,
dofe/e -
ble/eg)=0(e/eg) 1 — —a%l;é—;s—)(lné)
and the resistance to deformation, in a varying strain rate ex-
periment, whose average value is é, may be written as
do(e/€5)
e E/d:
In the above ¢, refers to the strain at which steady state condi-
tions are reached.

The validity of the model is observable in Fig. 10 where the
flow curves of Fig. 3 are repeated and the predictions of equa-
tion (18) are also shown. The agreement is quite apparent, in-
dicating that for the parameters used the metal’s behavior ap-
pears to follow a mechanical equation of state. It is realized
that when precipitation is significant this conclusxon may not
remain valid.

The predictions of the model are also shown in Figs. 5 and 6
for the corresponding experiments.

a7

o(e/es) =(e/eg) l; + (18)

Conclusions

The high temperature constitutive behavior of a Nb-V
microalloyed steel was studied. Cylindrical samples were sub-
jected to compression at constant true strain rates and the
resulting flow curves were compared to those obtained when
the rate of strain varied as in a rolling pass. The steel’s
response appeared to be essentially unchanged in the two types
of tests, except-at the very end of the varying rate compression
where the stress required to continue the deformation de-
creased sharply. Decreasing flow strength indicates a decrease
in dislocation density and thus a decrease in the stored energy.
Therefore, the softening kinetics during an unloading period
at that strain level may be affected substantially. This was also
observed by Sah and Sellars (1979) during an examination of
the microstructures of a ferritic stainless steel, subjected to
varying and constant strain rate testing.
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