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ABSTRACT Transmission electron microscopic observations of technically pure Al (AA
1050) show that the grain structure approaches a steady state during foil rolling due to dy-
namic recovery and geometric dynamic recrystallization. It is characterized by pancake shaped
subgrains of 0.45 um thickness and an aspect ratio of 0.5 in flat grain layers of 1 pum thickness.
As a result of microstructural evolution the tensile strength of the foils remains approximately
constant with increasing rolling strain. The evolution of deformation resistance and microstruc-
ture can be simulated with a simple model using the dislocation density as single microstructural
parameter.
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1. INTRODUCTION

Rolling of thin foil is a highly sophisticated process in which the material deforming at
high speed between the rolls plays an important part. In the present work attention is focussed
on the microstructure and the deformation kinetics of pure Al under conditions of rolling. The
results are described by a simple model of deformation during rolling.

2. EXPERIMENTAL DETAILS

Rolling started from a sheet of Al of commercial purity (AA1050) of 699 pm thickness with
a grain size dg = (20.4 £ 0.7) pm. It was rolled in 6 passes to a final thickness of 6.5 pm. The
microstructure was investigated by transmission electron microscopy (TEM) of thin sections
with normals parallel to the directions indicated in Fig. 1 (in the following abbreviated as X-
sections with normals X = N, T, R). The T- and R-sections were prepared by a special stacking
technique [1]. Fig. 2 shows a detail from a T-section of a rolled foil. All boundaries are visible in
TEM independent of their misorientation. The misorientations of boundaries (minimum angles
I of rotation to coincidence) were evaluated from the orientations of the neighbouring crystals
determined from Kikuchi line patterns at positions close to the boundaries (Fig. 2) with the
software of Voigt [2]. Subgrain sizes wxy and grain sizes dxy were determined as spacings of
all and of large angle boundaries (¥ > 15°), respectively, along a test line in X-direction in a
Y-section. Fast compression tests at constant true strain rate ¢ (up to 100/s) were performed at
the Institut fiir Bildsame Formgebung of the RWTH Aachen (Germany) on specimens of 30 mm
height and 20 mm diameter. Sections for TEM were taken from the center of the specimens.

3. RESULTS
3.1 Microstructure

From the U-distributions in Fig. 3 it is seen that the fraction of small angle boundaries
(¥ < 15°) in the T-plane decreases from ~ 0.8 at the true compressive strain ¢ = 1.5 to ~ 0.3
at € = 4.7, i.e. the majority of boundaries found in the T-plane after rolling to ¢ = 4.7 (cor-
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Figure 1: N: normal direction of roloq fojl,
R: rolling direction, T: transverse direction,
RN: rolling direction in section perpengicylar
to N etc.

Figure 2: TEM picture of T-section after rolling (¢ = 4.7). Numbers indicate angles of 1pisori-
entation. Two Kikuchi line patterns are shown for example.
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Figure 3: Cumulative frequency F of
boundary misorientations ¥ measured
in T-sections after rolling to ¢ = 1.5
and 4.7. Dotted curve: statistical grain
orientation.

Figure 4: Cumulative frequency F of sizes of sub-
grains and grains measured in N-direction after
rolling to € = 4.7. dy denotes initial grain size
distribution.
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Figure 5: Evolution of grain size dn and subgrain sizes wy and wyy with rolling strain ¢
Vertical lines mark ends of rolling passes. Small symbols from [3].

responding to 6.5 um foil thickness) are large angle boundaries. Fig. 4 gives the distributions
of subgrain and grain sizes in N-direction after rolling to ¢ = 4.7. As expected there are no
significant differences between the data measured in T- and R-planes. The dy-values are shifted
from the wy to the right by a factor < 2. This means that the fraction of small angle boundaries
measured in N-direction is less than 0.5, consistent with Fig. 3.

Fig. 5 displays the variation of the average sizes of subgrains and grains with rolling strain
€. Starting from the initial grain size dy one expects dy to decrease according to the dotted
line. For ¢ < 3, however, the actual decrease is stronger than expected. This is attributed
to the fact that the grain boundaries get serrated and that low angle boundaries develop into
large angle boundaries [3,4]. Beyond € = 2.5, however, dr ceases to decrease. This means that
the continuous increase of large angle boundary area during compression is compensated by
recombination of boundaries [5,6]. The subgrain size wyn, measured in unspecified directions in
N-sections where the subgrains appear equiaxed, remains fairly constant with €. wn ! saturates
at € & 1.5. It is smaller than the subgrain size wyn measured in the rolling plane; the aspect
ratio is wn/wyn = 0.5.

After uniaxial compression at 300 K and constant ¢é to ¢ ~ 0.69, wyn was found to be a
unique function of the normal stress ¢ normalized by the shear modulus G(T) [7]:

won =k bG/o ky =18 1)

(b = 0.286 nm: length of Burgers vector). The subgrain aspect ratio in uniaxial compression
is in the same order as in rolling. The steady state flow stress was determined from do/de-o-
curves by by extrapolation to do/de = 0. Fig. 6 displays the data in normalized coordinates.

4. ANALYSIS

The present observations show that the grain structure attains a quasi steady state during
rolling in the sense that the sizes and shapes of grains and subgrains do not change much as
rolling proceeds from pass to pass. As the subgrain boundaries are made from dislocations, the
steady state subgrain structure means a steady state dislocation structure.

!Note that wy and dy do not depend on the plane of observation (T or R) as it should be the casc.
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Figure 7: Modeled variation of ¢ T, p, and o as
a function of time ¢ in the first rolling pass. ¢ has
two maxima as the material enters and leaves the
rolls [8]; the average value equals the experimen-
tal value ¢ (= rolling strain per time for pass). T'
is assumed to increase linearly with strain € from
room temperature to the estimated final tempera-
ture Ty +30K (Ti: typical maximum temperature
of the coil after rolling)

The deformation behavior during rolling has been modeled with a simple model using the
overall dislocation density p as single microstructural parameter in the equations for deforma-
tion kinetics and structure evolution. At this stage of work the aim of modeling is to illustrate
what may happen during rolling; the model has not been optimized and therefore is not suited

for reliable quantitative estimates and conclusions. The equations for deformation kinetics are
based on thermally activated glide:

Q bAa* 7 . Gu\'"* N
Mé=bpv, v=u1y exp(——) sinh( , Ad*=0.75b (2)

,-'Y

kgT kgT pT*
T T~ aG b/p, T=0/M 3)

1

(¥: shear strain rate, v: dislocation velocity, Aa*: activation area, 7*: effective resolved
shear stress, 7: applied resolved shear stress, @ = 142kJ/mol, kp: Boltzmann constant,
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v = 3x10°m/s, a = 0.19, Taylor factor M = 3). The equations for structure evolution
were chosen as:

L . 4 2 . L - T

p=pt=p, pt =" p=A P T P (_E%) sinh (}‘;—;) (4)
(p*: dislocation generation rate, p~: dislocation annihilation rate, c = 445, A~ = 3.2 x 10"%/s,
V = 1158%). The p-expression was chosen so that experimental data for the steady state
Z-0-relation obtained from (4) is in accord with the experimental results (Fig. 6).

The set of equations (2), (3) and (4) forms a system of coupled differential equations which
can be solved for each pass of rolling. Fig. 7 shows the assumed variation of ¢ and T' during
the first pass and the resulting variation of flow stress 7 and dislocation density p. With the
chosen values of ¢ and initial dislocation density (consistent with initial flow stress), p saturates
already in the first pass. Similarly, o reaches a plateau. In the subsequent passes the levels of p
and ¢ change only slightly in consequence of the limited changes of ¢ and Ty (see Fig. 5). This
is displayed in Fig. 8. It appears noteworthy that the model predicts slight softening of the
material during passage of the roll; this is a consequence of the assumed increase in 7'. In the
present state the model predicts o rather large athermal stress component a M bG \/p which
is also shown in Figs. 7 and 8; its magnitude depends on the choice of vy and c.

This quasi steady state situation corresponds to the limited variation of the subgrain
size wyn measured in the rolling plane (Fig. 5). The subgrain sizes wyn and wgr allow an
estimate of the normalized flow stress 0/G at the ends of the passes as 185G /o (relation (1)).
The resulting data are in accord with the normalized room temperature flow stress Ry/G of
the foils (measured as ultimate tensile strength at a strain of 0.01). This agreement can be
rationalized by noting that the steady state flow stress during rolling (¢ = 10°/s, 400K} is not
too far from the steady state expected in room temperature testing (¢ = 4 X 1073 /s, 300K).
Thus the R,,-data back the flow stresses obtained from w.

1t is seen that the o/G-values obtained from the simple one-parameter model and from the
measured subgrain sizes (in the long subgrain dimension) are in the same order of magnitude.
In view of the incertainties and errors involved in determining both types of data the agreement
is considered satisfactory and gives confidence in the qualitative validity of simulation. The
analysis presented above confirms the idea of saturation of dislocation density by dynamic
recovery during rolling of Al foil. However, the dislocation structure is significantly modified
by the large angle grain boundaries whose area increases strongly in the course of rolling. The
increase comes to an end as the grain thickness dr shrinks to values lying in the order of
the roughness of the grain boundaries produced by their reaction with subgrain boundaties.
Then the further decrease of dp is stopped by concurrent recombination. This process is
called geometric dynamic recrystallization [5,4,6]. It was first detected during deformation at
high temperature but apparently takes place even during cold rolling. The large angle grain
boundaries become so frequent that the bottom and top faces of the subgrains are in fact mostly
made up from large angle boundaries rather than small angle boundaries at a strain of 4.7 when
the foil thickness has been brought down to 6.5 um (Fig. 3). However, there is no indication
from microstructural spacings (subgrain size and shape) or tensile tests that the replacement
of subgrain by grain boundaries has a significant influence on the steady state flow stress. This
is in agreement with previous findings for geometric dynamic recovery [9].

CONCLUSIONS

1. During foil rolling of pure Al (AA1050) the grain structure reaches a quasi steady state
by dynamic recovery and geometric dynamic recrystallization with flat subgrains of equiaxed
cross section and about 0.9 pm diameter and about 0.45 pm thickness in flat grains of 1 pm
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Figure: 8: Modeled variation of G-normalized flow stress with rolling strain. Vertic.al lines ma.rl‘
ends of passes. Triangles: 0/G calculated from w via (1). Squares: normalized ultimate tensily,
strengths R, /G of foils.

thickness. .
2. A simple model of deformation using the overall dislocation density as single mi,
crostructural parameter in the differential equations for deformation kinetics and struct\%rcg
evolution is consistent with the measured steady state é-o-T-relation determined in uniaxia)
compression.
3. The modeled variation of flow stress during rolling is consistent with the measureg
variation of subgrain size in the long subgrain dimension.
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