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Surface Roughening Mechanism of Polycrystalline Metal Sheet
during Plastic Deformation*
(Effect of Strain Path on Surface Topography)

By Nozomu KAWAI**, Tamotsu NAKAMURAT and Yijiro ukar't

A surface roughening phenomenon was investigated using commercially pure
aluminium sheets deformed plastically along various proportional strain paths.
Surface profiles were measured in three directions of a major principal strain
€1, a minor principal strain e; and 45 degrees to g7 direction. The mean value
of Rg in the three directions could be expressed by the equation: Ra = 3.1b €4s
vhere ed is an absolute value of principal strain vector in-plane, independently
of the strain path. Both Ry and the wavelength Ay at spectrum maximum showed a
relatively large difference between e€; and ep direction in the case of the plane
strain path, but no significant difference in every direction in the balanced
bi-axial tensile path. The anisotropic geometry of surface topography corre-
sponded with the direction of the maximum shear stress plane in the bulk metal.

Key words: Forming, Polycrystalline Metal Sheet, Surface Roughening, Strain
Path, Surface Roughness, Wavelength of Surface Profile

1. Introduction

When a sheet metal with a large grain
size is deformed, its free surface shows a
rough appearance, called orange peel. The
surface roughening phenomenon of the sheet
metal may influence the lubricational con-
ditions of the tool-work interface in metal-
working processes.

The surface roughening phenomena have
been investigated by a number of researchers
W ~7 yho confirmed that the surface rough-
ness was approximately proportional to the
strain € and the average grain diameter 4d,,
when a polycrystalline metal sheet is de-
formed. However, the three-dimensional ge-
ometry of the topography of the roughened
surface has not been sufficiently examined
yet.

The surface roughening mechanism of a
polycrystalline metal sheet was investigated
in detail in the present paper, using com-
mercially pure aluminium sheets deformed
plastically along various strain paths. The
surface profiles were measured in three di-
rections, and the center line average rough-
ness Rg and the main wavelength )\p of these
profiles were determined. The effect of a
slip deformation in the subsurface grains on
the surface roughening was also investigated.
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2. Experimental Methods

The tested material was a commercially
pure aluminium A 1050 (in JIS) sheet of 0.8
mm in thickness, of which stress-strain re-
lations and plastic strain ratio r are shown
in Table 1. The initial surface roughness
of the sheet was 0.02 um in the center line
average Rg, and average grain diameter do
was about 16 um. Other aluminium sheets
with average grain diameter d, ranging from
0.23 to 0.43 mm (Fig. 1) were also used.

The sheetmetals were deformed along
four proportional strain paths: uniaxial
tension (principal strain ratio 8 = -0.5),
plane strain tension (B8 = 0), bi-axial ten-
sion (B = 0.5) and balanced bi-axial tension
(8 = 1). The uniaxial tensile test was car-
ried out using a tesile test-piece of 13
type in JIS. The other strain paths were
attained using the test-piece as shown in
Fig. 2 and the bulge test apparatus as shown
in Fig. 3. The test-piece is clamped to-
gether with a driving plate having a center
hole of 12 mm in diameter by means of an an-
nular blank-holder with a bead, and is bulg-
ed by a flat bottomed punch. This method
was proposed by Marciniak et al.®) As shown
in Fig. 4, the resultant strain paths are
approximately linear.

3. Measuring and Analyzing Meth-
ods of Surface Topography

To estimate the three-dimensional geo-~
metry of the surface topograhy quantitative-
ly, the surface profiles were measured in .
three directions in-plane on the sheet spec-
imen, that is, the major principal strain g,
direction, the minor principal strain e, di-
rection and at U5 degrees in relation to the
g direction. The surface profiles were
measured using a stylus-type surface profile
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tester, and the surface roughness and wave-
length of these surface profile curves were
determined. The surface roughness is repre-
sented by the center line average Ra (in JIS)
with 2 mm of traversing length and 0.25 mm
of cut-off length. The surface roughness
measured in €1, €; and 45 degrees directions
are indicated by Ra; , Rap and Ry, re-
spectively, and a mean value in-plane Ra is
obtained by the following equation.

Ra = (Ray + Rap + 2Rax)/b  --rrveee (1)

To estimate the wavelength of the sur-
face profile curve, a power spectrum of the
curve is analyzed using the maximum entropy
method (MEM) .

Table 1 Plastic properties of test-
piece in tensile test

F MPa | n Value |r Value

0° | 174.4 0.285 0.748
45° | 155.8 0.276 1.283
90° | 165.6 0.284 0.795

Mean | 162.7 0.280 1.027

Stress-Strain Relation: o = F ¢"
0°, 45° and 90° are angles to R.D.

d, mm

0.50}

0.30+

m
-n
i

Average Grain Diameter

0 0.1 0.2 0.3
Thickness Strain €

Intermediate Annealing: 400 °C, 1 h
Final Annealing: 450 °C, 1 h

Fig. 1 Relation between thickness strain
and average grain diameter

€2 (Rolling Direction)

(c) =0

(a) g=1

€1 Major Strain, €,: Minor Strain
B = £2/€;: Strain Ratio
Initial Thickness: t, = 0.8 mm

(b) 8= 0.5

Fig. 2 Testpieces for various strain
paths in bulge test

4. Effect of Strain Path
on Surface Topography

4.1 Surface Roughness Figure 5 shows the
principal strain diagram e; vs. e, where a
center line average roughness Ra; measured
along the major strain e; is plotted. The
constant roughness curves shown by the solid
lines are not similar to constant equivalent
curves. They are rather similar to the dif-
fused necking curve in the region B > 0 and
to a localized necking curve in the region
of § < 0, as pointed out by Kobayashi et al.

Figure 6 shows the e; vs. g, diagram,
where a mean value of the center line aver-
age in-plane Ry is plotted. Again, the con-
stant ﬁa curves are not similar to the con-
stant equivalent strain curves, but they re-
semble the circular curve of the constant
absolute value of prinecipal strain vector
in-plane, that is, eq = (a% + e%)lfz. Thus,
the mean value of the center line average
in-plane Ra is approximately proportional to
the representative strain ed, as follows;

ﬁa = 3_114, €d.- as s e et aaan ....(2)

Figure 7 shows a relation between the
mean value of the center line average rough-
ness in-plane Rg and the equivalent strain
€eq- It is confirmed that Ehe increasing
rate of the mean value of dRa/deeq varies
siginificantly with the strain path.

PTFE Sheet
Die
Bead

Test Specimen
$42.5 \/ Driving Plate

Punch
Blank Holder

Nz€2/€
O B=1.00

NO'Z‘ @ B= 0.46 }
w ® 3= 0.08
© 0=-0.44

Minor Strain
©
i
1

01 0.2
Major Strain &,

i ]

Fig. L Strain path measurements
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To examine the orientation of the topo- the surface topography is isotropic). The
graphy of the roughened surface, the differ- increasing rate of ARg, namely & = ARg/eg,
ence between Rg) and Rap, namely ARa = Ra; - is defined as an anisotropic parameter of
Rapz, is plotted against the representative the topography of roughened surface. The
strain eq in Fig. 8. The value of AR, vari- value of & shows a maximum in the case of
es linearly with the strain ey except for plane strain path (8 = 0), and a minimum in
the case of “the balanced bi-axial tension, the case of uniaxial tensile path (B = -0.5).
where ARy equals approximately zero (i.e., Such an anisotropic topography is il-

lustrated clearly by the pole distribution
diagram as shown in Fig. 9 (a) ~ (¢). The
surface roughness shows the most prominent

0.3 T Y anisotropy in the case of the plane strain
@ Ra; = 0.2 um (8 =0).
@ Ra; = 0.4 ‘ 4.2 Wavelength of Surface Profile Curve
9 O Ray = 0.6 Figure 10 (a) and (b) show some exam-
0.2 [~ Q@ Ra1=0.8 D1ffused ‘ ples of the spectrum diagram obtained by an-
- \\ Necking alyzing the surface profile curves using the
= N / Curve maximum entropy method (MEM). The abscissa
5 \\\ \\ represents frequency f 1/mm, which is an in-
: AN Q version of wavelength A; the ordinate rep-
2 0.1k \\/\ resents a spectrum ratio to the spectrum
s S oX maximum Spmax. The main wavelength can be

defined clearly as the wavelength Ay at the
spectrum maximum Smax, because a sharp max-
imum peak appears.

/ \\\o = 1.0
Il U
0.1 1\ ez
~—— @
Constant Equ1va1ent/ 4
Stram Curve , 5
\\ ’// ;
-0-25 L ™ =5 205 o B= 1.00
. . . -t
. ; - e 3= 0.46
Major Strain £, g af3= 0.08
g A B=-0-44
Fig. 5 Constant Rg; curve on -
€1 vs. €3 diagram = l | I I I
= 0 01 02 03 04 05
Equivalent Strain Eeq
0.3 T T | -
® Ra=0.2um Fig. 7 Relation between Ra and eeq
o O Ra=0.4
w O Ra=0.6 : : ,
Ra = 1
- 0.25\\ Q Ra-= 0 8 (El‘f"E 2 b % 0.3 ARa = Rar - Ra ;
g \\ -255 o ea= (el +ed? B [ara/ed]
5 P / % 0.08 [1.15]
5 AN 0 18 0.2} AA ~
=
= 0.1k & AL
o / - A 0.46 [0.55]
\ 9 A . .
9 \ (D \\ \C\ s 0.1 AN ® ./
) o—-—-—-——— g O0r °
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L z _____Q_____Q_____O_-—-—l 00 (0,06
| \ 3 0
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-0 1P ~a_ -~ ! (¢ . é A A T—ay,
Constant Equivaler}t ,'\ £ 0.1
Strain Curve « -0.1} .
poramne s / 5 -0.44 [-0.31]
~———— /, 1 i I
-0.2 1 12 L 0 0.1 0.2 0.3
0 0.1 0‘? 0.3 Absolute Value of Principal £
Major Strain € Strain Vector in-Plane d
Fig. 6 Constant I_?a_ curve on Fig. 8 Variation of difference ARg between
€] Vs. egp diagram Raj and Rgp with strain eg
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Fig. 11 shows a relation between the
wavelength Ap and the representative strain
ed. The wavelength Ap in the case of plane
strain path is about 200 ~ 240 um in the €3
direction, and about 400 ~ 460 pm in the
€9 direction. These values of wavelength
Am are about 12 v 15 times and about 26 ~

+direction 1-direction

29 times the average grain diameter 4, = 16
um, respectively. Such an anisotropic prop-
erty of the wavelength Am does not appear
in other strain paths. In the case of bal-
anced bi-axial tension, the wavelength Ap
increase gradually with the strain e4.

1-direction

1.0 45°-direction 45°-direction 45°-direction
£ 1.0 1.0 ,
5 g
o 05 (<] 05
2-direction 2-direction
0 0.5 1.0 0 05 13
Ra pm pm

(a) B= -0.44, €d = 0.262

(b) B=-0.02, €d = 0.15]

(c) B=1.0, & = 0.218

Fig. 9 Pole distribution diagram of center line average Rg
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Fig. 10 Spectrum diagram examples by MEM analysis (plane strain path, 8 = -0.02)
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Figure 12 (a) ~ (c) show the pole dis- Grain Number in Thickness t,/d,
tribution diagrams of the wavelength Ap. 10 54 3 2
It is confirmed from Fig. 9 and 12 that the 25 T LI )
surface topography roughened in the plane E £4=0.06
strain path shows a remarkable geometric d=v-
anisotropy, while the one roughened in the =
balanced bi-axial tensile path shows a con- 20 |-
siderable isotropy. It has been clarified g L j
in this section that the mean value of the o [ [
center line average in-plane Rg is repre- g 10F .
sented by the same equation regrdless of :
the surface topography varies remarkably =
with the strain path. -
|5
Q
5. Surface Roughening Mechanism £ 5t / 4
«
Using commercially pure aluminium ".
sheets with an average grain diameter d, of
about 16 to 500 um, the effects of the aver-
age number of grains in the thickness direc- 0 ‘25 1
tion to/do on the surface roughening phenom- 0" . 0.50
enon are examined. Figure 13 shows a rela- Average Grain Diameter d, mm
tion between the center line average rough- Balanced Bi-axial Tension @=1.0
ness Rg and the average grain diameter d,, Root Mean Square Strain €4=0.134
in the case of B = 1 and eg =(7§).13h. As
pointed out by Osakada et al.’) Rg is ap- . .
proximately proportional to the average Fig. 13 ??latlon betw;en center
grain diameter d,, when the diameter d, is 1ne average E};and
less than 0.3 mm. However, Ry increases average grain diameter do
rapidly when the diameter d, exceeds 0.35 mm.
Grain Number in Thickness t./d,
10 54 3 2
: ; g T 1
g Strain Ratio 8
=3 =
s -0.44 | -0.02] 1.0 p: €4 =0.06 Q
E Measuring & | —O— | —O— g 60 Ag/do = 13.4 4
S
E Direction €2 | ~-- | --A--| --@-— s
g. T T aC‘J.
w500 _-® A v
E A-—--A - E 40 .
E A----& -0~ £
> “” :
5] - =
= -
= ¥ ) -
250l & O—p_p - s 20~/ o
= A . S 7
o A -2 W )
@ < L)
o 2
= 3 1 l
= =
0 ] I 1 0 025 050
0.1 0.2 L 0.3 Average Grain Diameter d, mm
Absolute Value of Principal £4
Strain Vector in-Plane =10, €4 =0.134
Fig. 11 Relation between wavelength Ap Fig. 14 Relation between wavelength Ap
and strain eg and average grain diameter Q.

1-direction 1-direction 1-direction

(a) B=-0.44, €4 = 0.262 (b) B =-0.02, €4 = 0.151 (c) B=1.0, €q = 0.218

Fig. 12 Pole distribution diagram of wavelength Ap
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This is possibly because localized necking

is facilitated by the surface rcughening g
phigymenon as demonstrated by Yamaguchi et w
al.

Figure 14t shows the relation betweeen
the wavelength Ap at the maximum spectrum
and the average grain diameter d,. The
wavelength Ay increases approximately in
proportion to the average grain diameter do;

An/do = 13.4 F 6.9, ceceaiienennn (3)

Consequently, the surface roughening
phenomenon during plastic deformation is es-
sentially dominated by grain diameter d,,
when the number of grains in the thickness
direction to/do is greater than about three.
Thus, it is presumed that the surface rough-
ening is influenced by the plastic deforma-
tion in the subsurface layer of two or
three grains.

To examine the effect of slip deforma- DEys .
tion in the surface grains on the surface ~ Tt =3y o
roughening, slip bands of the surface grains (a) 8 =1 0 ‘E “‘DO"

LR Y =u.

developed by electro-polishing were observed
in each strain path. As shown in Fig. 15
(a) v~ (c), the asperities of the slip bands
itself were less than about 1 pm, they were
not main components of the surface topogra-
phy. In the case of the balanced bi-axial
tension (a), the slip band appears in vari-
ous directions at random. On the other
hand, the slip bands in the case of plane
strain path (b) appear approximately in the
€9 direction. In the case of uniaxial ten-
sion (c¢), the slip bands appear in two di-
rections at 45 degrees in relation to the
g1 direction. The directions coincide ap-
proximately with the directions of the max-
imum shear stress plane as shown in Fig. 16.
Therefore, the active slip systems of
the subsurface grains may be determined as
a first approximation by the macroscopic
stress in the polycrystalline metal sheet.
The geometric orientation of the topography
of the roughened surface is considered to
be caused by the restricted directionality
of the active slip systems. For example,
the isotropic surface topography is formed
in the case of B = 1, because the active
slip system originates in random directions,
while the anisotropic topography is formed
in the case of B = 0, because the active
slip system is restricted to near the €5

direction. 0.7
: .1 mm
(c)B = ~0.44, g4=0.09
6. Conclusions Average grain diameter: d, = 16 um
The surface roughening mechanism was Fig. 15 Surface appearance on slip
examined using commercially pure aluminium bands of surface grains
sheets deformed plastically along various in various strain paths

proportional strain paths. The surface pro-
files of the sheets were measured in three

directions of a major principal strain €3,
a minor principal strain e; and at L5 de-
grees in relation to the ¢; direction. The D

center line average roughness Ry and the
main wavelength Ap of these profiles were (70

WY SREN ¢
determined. As a result, the following con- I N/
clusions were reached.
(1) Rg) measured along the major princi- C;= 6,>0, 6,=0 G;=26,>0, 650 ©;=0, 62=61=0
pal strain e; direction was plotted on the (a) p=1.0 () g=0 (c) B=-0.5

€] vsS. €9 diagram. The constant Rg) curve
is confirmed to be similar to the diffused

) ; S Fig. 16 Maximum shear stress planes in
necking curve in the region of the principal

various macroscopic stress state
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strain ratio 8 > 0, and to the localized
necking curve in the region of 8 < 0.

(2) The mean value of Ry in-plane is ap-
proximately proportional to the absolute
value of the strain vector in-plane eg re-
gardless of the difference in strain paths.

(3) The difference between Rg; in the g
direction and Ry in the €5 direction, name-
1y ARy = Raj - Ragp, varies linearly with the
strain €. The increasing rate of ARg,
namely & = ARa/ed, could be defined as the
anisotropic parameter of the topography of
the roughened surface. The value of & is
maximum in the case of 8 = 0, minimum in the
case of B = -0.5, and zero in the case of B8
= 1. It has been confirmed that the surface
roughness Ry shows a remarkable anisotropy
in the case of the plane strain path, while
Ry displays a considerable isotropy in the
case of the balanced bi-axial tensile path.

(4) The main wavelength Ap at the spec-
trum maximum Spax is about 12 ~ 16 times the
average grain diameter d, in the case of B
= ~-0.5. Anp in the case of =0 is 12 ~ 15
times the value of d, in the €1 direction
and 26 "~ 27 times of the value of do in the
€y direction. It has been confirmed that
the wavelength also a remarkable anisotropy
in the case of plane strain.

(5) Both Ry and Ay are approximately
proportional to the average grain diameter
do, when to,/do is greater than about three.

(6) The directions in which the slip
bands appear coincide approximately with

1343

the directions in which the maximum shear
stress planes in the bulk metal intersect
with the sheet surface. It is presumed
that the anisotropic geometry of the topo-
graphy of the roughened surface is caused
by & restricted directionality of the
active slip system.
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