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Abstract. For the investigation of retained strains during hot forming, which are related to the
dislocation structure, single and double hit compression tests were carried out at different
temperatures and strain rates for a stainless steel. Using microhardness measurements the retained
strains after the first and second pass were investigated as a function of the amount of deformation,
temperatures as well as strain rates and dwell durations. In general, the retained strain decreases
with increasing dwell durations in both the deformed and recrystallized grains, respectively. At a
given total amount of deformation in a double hit compression, the retained strains for the as
deformed unrecrystallized grains are reduced for a lower deformation in the first hit. For the
recrystallized grains the retained strain increases, when comparing double hit with single hit
compression.

Introduction

For the hot forming processes, retained strains exist due to inhomogenous deformation as well as
different degrees of recovery and recrystallization, which are furthermore related to both strain rate
and temperature gradients during hot forming. The retained strains are in the following related to
the stored deformation energy, i.e. dislocation structure. Deformation energy is reduced during a
subsequent annealing, which may lead to abnormal grain growth and hence to an inhomogenous
grain structure [1].

For industrial processes, the strain, accumulated over all passes, can be calculated by the finite
element method (FEM). However, the obtained effective strain is unreallistically high for multipass
hot deformation if the changes in microstructure (recovery, recrystallization) are not included in the
calculations. For a multipass deformation process the dislocation density is reduced due to the
occurance of recovery and rycrstallization during and after the first deformation pass, thus the strain
retained for the next pass of deformation should cover a range between zero and the accumulated
strain. The retained strain is a critical parameter not only for an accurate prediction of the working
loads, but also for the applications in microstructure modelling.

The aim of the present work was to study the development of the retained strain during double
hit compression of the austenitic stainless steel 304L, which deformation behaviour has been
studied elsewhere [1-5]. Microhardness measurements were carried out in order to investigate
retained strains as well as their distribution. The misorientations of the substructures were
determined by EBSD and TEM analyses.
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Experimental procedure

A 304L-type austenitic stainless steel (Bohler A607, Fe-19Cr-9Ni), with an initial grain size of
about 20 um, was homogenized at 1200°C for 20 minutes, afterwards deformed by compression in
a Gleeble 3800™ system and subsequently air cooled to room temperature. After homogenization
an initial grain size of about 50 um was reached.

Hot deformation was performed at two different conditions, which aimed firstly a deformed
unrecrystallized grain structure (Tg=750°C, strain rate=1.0s™") and secondly a fully recrystallized
grain structure (Tae=1050°C, strain rate=0.1s"). Dwell times (t4) varied between 3 and 10 seconds.
Following hot deformation, the specimens were cut perpendicular to the tensile axis and the
microhardness measurements (HV9g9) were carried out in the center of deformed samples, where
the local strains have been determined by the finite element calculations. The grain structures were
investigated using conventional optical microscope and for the confirmation of the obtained results
EBSD measurements and TEM investigations were used.

Results and Discussion

Changes of retained strains due to single and double hit compression. The microhardness (HV)
is proportional to the actual strain (@acwa)and further to the dislocation density(p), which can be
stated as follows:

HV oc ¢actual oC p (1)

For the deformed grains without any recrystallization, the retained strain ( "/

retained

) was defined
using the following equation:

Hyeine) gy

def

Pretained = (dwell _time=0) (Deq (2),
HY - —HV )

with

HV (40 : microhardness of the homogenized un-deformed specimen,

gy@vellime 0. nicrohardness after deformation and a dwell time (t=ty),

Hy@velltime=0). nyicrohardness after deformation without dwell (tg=0). When HV™ = HV™) the
retained strain (@Qrewined) coincides with the equivalent (i.e. accumulated) strain (@),

@eq: local equivalent strain calculated by FEM.

During dynamic recrystallization, the recrystallized grains experience a subsequent deformation
until a second recrystallization cycle starts [6]. Hence at an arbitrary strain that is higher than the
critical strain for the onset of dynamic recrystallization @, the strain distribution within all
recrystallized grains is between 0 and ¢.,. Regardless of the microstructure difference in each single
grain, the maximum strain that can be achieved within a recrystallized grain cannot be beyond the
critical strain for dynamic recrystallization. Therefore, the maximum retained strain is @ for a
single hit compression. During a dwell period after the compression, the stored deformation energy
in the recrystallized grains is reduced by static recovery. The retained strain is assumed to be zero if
the grain structure is recovered completely. In the present work it is assumed that the recovery is
complete at t4 =10s under the given process conditions. The retained strain for the recrystallized

grains (... .. ) can be defined as follows:
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(dwell _ time=0)
rex _ HV - HVEdwellﬁt[me:lOs)
retained ~ HV(dwg[[_time:O) . HI/( cr

dwell _time=10s)

3,

with
Hy@velltime=0) - microhardness for the recrystallized grains at tg=0,

HV@veltime£0) - microhardness for the recrystallized grains at a given dwell duration (t=tg),

HV (dwell time= 10s): microhardness of the entirely recovered recrystallized grains. HV at t;=10s is used,

@ critical strain for dynamic recrystallization, which is determined from the peak strain of the
flow stress curve. @=0.80 @peax [7]. Hence follows ¢=0.24 for 304L.

The comparison of the retained strains during a single hit compression for the deformed
(unrecrystallized) grains and for completely recrystallized grains is shown in Fig. 1. Therefore, for
the single hit compression the retained strain decreases with dwell duration both in deformed
(unrecrystallized) and recrystallized grains. For the unrecrystallized grains a higher retained strain is
expected with a higher amount of deformation, but for the recrystallized grains, regardless of the
applied strain, after a dwell time of 10s, the recovery is almost completed.
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Fig. 1: Comparison of local retained strains in a single hit compression after different dwell times for the
austenitic stainless steel 304L in (a) deformed (unrecrystallized) grains and (b) recrystallized grains. The
symbols correspond to the applied global strain (e.g. 0.60: the strain of the first hit is ¢,;=0.60).

The comparison of the retained strains between single and double hit compression for
unrecrystallized and recrystallized grains is shown in Fig. 2. For the recrystallized grains (Fig. 2b),
the retained strains with long dwell times (here 10s) increase for a double hit compression
comparing it with the single hit tests for the same total amount of deformation. It is assumed that
during the dwell between the two hits a substructure, i.e. subgrains, is formed by recovery of
dislocations in the recrystallized grains. This substructure leads to higher dislocation formation rates
during the second deformation hit, which caused higher retained strains after the double hit
compression tests.
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Fig. 2: Comparison of local retained strains in a single and double hit compression for the austentic stainless
steel 304L in (a) deformed (unrecrystallized) grains and (b) recrystallized grains. The symbols correspond to
the applied global strains of the first and second hit, respectively (e.g. 0.60+0.20: the global strain of the first
hit is ¢;=0.60 the global strain of the second hit is ¢,=0.20).

For the deformed, unrecrystallized, grains (Fig. 2a) the retained strain during a double hit
compression decreases with increasing dwell time. Comparing double hit with single hit
compression tests, the retained strain increases for a higher deformation in the first hit. For
relatively small deformations in the first hit, no substructures are formed during the dwell hence
follows, smaller retained strains with the same total deformation can be expected.

Misorientations determined by EBSD and TEM investigations. In order to confirm the
evaluated retained strain by microhardness measururments, some EBSD analyses were carried out.
Therefore the MCD value (modified crystal deformation) was calculated, which quantifies the
spread of the crystal orientation [8]. The evaluated parameter is defined as an average of the log-

normal distribution of the misorientation from the central orientation of each grain.
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Fig. 3: The investigation of substructures, by (a) EBSD measurements and (b) subgrains observed by TEM
for sample 0.45 +10s +0.45.
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As assumed to be proportional to the dislocation density, HV and thus retained strain values
inversely correspond to the modified crystal deformation values for both single and double hit
compression (Fig. 3a compared with Fig. 1b and Fig. 2b). Figure 3b depicts the formed subgrain
structure within a recrystallized grain after a double hit comparison.

Summary

For an austenitic stainless steel, the retained strain have been evaluated by means of
microhardness measurements in unrcrystallized and recrystallized grains. The retained strain
decreased with dwell durations both in deformed (unrecrystallized) and recrystallized grains.

At the same amount of total deformation, the retained strains were compared between single and
double hit compression tests. For the recrystallized grains, the retained strains were increased due to
the formation of a substructure during the dwell. The retained strains for the deformed
unrecrystallized grains increased for a higher deformation in the first hit. However, due to recovery
after a small deformation in the first hit, the retained strain after a double hit compression falls
below the strain obtained after a single hit compression.
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