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Introduction
Ew=al Ring rolling process

* First Modern ring rolling m . g
mill invented in England by % 00 w8,
Bodmer in 1842 et e

Ri di s 0
° RINGS are used in power e — 22777727 ‘

plants, aircraft, railway i
equipment etc.

» Size ranges from mm to @@ % égw
\ 2o

m ete rS e) Ring rolling process f) Radial rolls compressing

the wall thickness of the ring

@) Finished ring
* Ring rolling research

started 1960s 4

. d) Semi-finished ring
c¢) Blanking

* T-Shape, H-Shape, Pure
radial, Radial- axial
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Introduction

Radial-axial ring rolling process

* Key components:
King roll, mandrel,
conical rolls, guide
rolls

Gsh-tail
fz T

symmetry plane symmetry plane
(a) fish-tail (b) bulges
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Be The Difference. P ro b I em State me nt

e Based on increased surface area
during ring rolling and large
temperature gradient (radiation,
convection, conduction).

e Cooling during hot rolling
necessitates large ring rolling
process divided into two parts due
to chilling. Significant time and
energy are wasted due to the
need for reheating during ring

roIIing. Radial-axial ring rolling at Scot Forge
McHenry, lllinois

e This problem is most significant in

large diameter rings (> 1000mm)
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Research objective

Understand heat loss in the ring rolling process

Investigate a reheating methodology for large
metal rings which can maintain the ring
temperature during the rolling process:

Achieve a more uniform temperature distribution
and microstructural response

Would result in more efficient mill utilization
through elimination of reheating step and
reduction of processing costs (faster turn around
time from order-shipment)
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Research methodology
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. Bwld up FE model based on the ring gcoTeFORGE
rolling data from Scot Forge

* Simulate and analyze the ring rolling THAA

process using FEM software FORGE
HPC 2011

* Run the simulation computation
using Linux64Redhat3 OpenMpi
Cluster system at Marquette
University

kkkkkkkk

times on order of 8-12 hours instead
of 2 days

1
1
1
24 node operation Enables simulation :
1
:
1

|
|
|
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Simulation Model

 Most industrial processes

* Full model required
— Can not exploit ring symmetry due to table support

* ALE Algorithm required for efficient simulation

— Eulerian formulation used to model roll gaps and
minimize excessive remeshing

— Lagrangian formulation used to model free surface
and define limits of free/contact surfaces

— Mesh Design Important for Simulation Model
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Mesh Design

per Conical Raoll
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Roll and workpiece dimensions used in the initial
ring rolling model development

Diameter of king roll 88.90 cm
Diameter of mandrel 38.18 cm
Taper of conical roll 35 degrees

Outer diameter(OD) 142.24 cm

Inner diameter(ID) 72.60 cm
Height 30.48 cm
Wall thickness 33.02 cm
oD 304.8 cm
ID 245 cm

10



FE model — Mechanical
Material Constitutive model(Hensel-Spittel)

_ my : b
O‘:K.e /g.gnog_r’?ll.e/T
My
AeM™iTTMoegM207e (1 4 g)Msl gMrEgMs gMmgl

o
Values of coefficient used the Hensel-Spittel
constitutive model for AISI 4340 steel

1530.96

-0.00261

-0.1461

0.13956

-0.05778

0
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FE model — Mechanical
gessll Friction model(Coulomb)

Ls) uUN = 74

* Where uis the coefficient of friction, 7 is the shear
yield stress and N is the normal contact pressure.

{uN, uN < tg
Tf —

* Asno lubricant is used in ring rolling, dry conditions
can be assumed so that the friction coefficient p
between the workpiece and radial roll, was set equal
to 0.4° in the FE model.

 nwas set as 0 between the workpiece and conical
rolls



FE model — Mechanical
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Mesh design

|

e Deformation is
concentrated at two roll
gaps. Reasonable mesh
design can make the FE
model more efficient.
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- Areain contact with the kingroll / Area in contact with the cone

Area around contact with the kangroll

| 3 | Rest of the billet.

A renrate moach
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* Deformation and heat transfer occurs
simultaneously in roll gaps, higher
accuracy is needed than the non- Sy
contact areas where only heat o
transfer occurs
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 The ring was heated up to 1288C(2350F) uniformly,

then transported to the rolling mills during 2 minute
interval.

* Chilling during transport from the furnace to the

rolling mill was modeled as a simple transient
thermal simulation.

* Rolling was simulated with heat loss and analyzed

14



FE model - thermal
Thermal exchange assumptions

35.5 (W/(m - K))

e convection, radiation
and conduction
(including inter object)

10 (W/(m? - K))

1288C (2350F)

e No re-radiation

66C (150F)

A A

ol P
| |

[y [ y

30C (86F)

<—
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Validation of surface temperature

View 1 View 1 : :
Case 1 [ringl-continued-17-219.don] Case 1 [ringl-continued-16-39.don]

Temperature [node]
Temperature [node]

Unit: Celsius
Unit: Celsius

A Frin, Cut
Frin, Cut
1288.07 . H:-1.5403E+05,INC: 13188
[ 1267.08 1159.22
- 12461 —t 113731
— 122511 g ‘Z? —T 1115.39
]
| | — | —1/ [ 1093.48
1204.13 e N .
—
- 1183.14 Il W Vi T 107157
42; ¥ s
1 7
—r 115215 ‘—4-‘. ﬁ%unﬁﬁfs‘#f# — 1049.86
T
(A!"Yb
114117 1027.74
1120.18 ‘ i 1005.83
0
1099.2 h 983,92

o
6,

1078.21

962.00%

{ist: 69,9934 <0 4. 1. N

: S ATAVATE

: *

E vvATA +
TME: 2,000 |, H: 0.000 NG @ 2 RING1-CONTINUED- 17]

The comparison of the predicted and measured surface
temperatures during transportation and rolling

TIME: 170.0 , H:-1.5403E+05IMC: 13188

Predicted Measured Error
Transportation 1146.6C 1166C 1.67%

Rolling 1069.5C 1077C 0.70%
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el  \/aqlidation of mill loads
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Results
=== Break-down of heat losses in ring rolling
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* The heat loss profile of each mode during the ring rolling
from the FORGE simulation.

 The average heat loss flux of the three heat transfer modes
are 80% in radiation, 16% in convection and 4% in conduction

where a negative value indicates that heat was lost from the
ring.



Discussions

Nelnamla The effect of the roll temperature

: 86F [150F
sewrressall 0N the ring temperature

250F | 400F

View 1
Case 1 [ringrolling-scot-case2-ambient9.don]
Temperature [node]

View 1
Case 1 [ringrolling-scot-case2-150fl.don]
Temperature [node]
Unit: Celsius Unit: Celsius
Frin, Cut Frin, Cut
1214 1214

1166.4 1186.4

11588 1158.8

View 1 View 1l
Case 1 [ringrolling-memb-case2-250f14.don] Case 1 [ringrolling-gmm-case2-400f5.don]
Temperature [node] Temperature [node]
Unit: Celsius Unit: Celsius
Frin, Cut Frin, Cut
1214 1214

11564 1186.4

1156.6 11538

TIME: 1700, H:-1.5403E+05,IMC: 13169 TIME: 1700, Hi-1.5403E+05IMC; 13169
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Average temperature and SDT on cross section
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MARg{']mE FE model - Reheating
p = Development of simulation methodology used to model reheating in FORGE

Be The Difference

Initial ring
Reheating
box

* In the reheating box, the ambient temperature was set as 1927°C,
convection coefficient was 80 W/(m? - K), the emissivity was 1.

 The reheating box was fixed at a position, and the ring went through

the box in each round.
21
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sewwwall Cffect on the uniformity of the thermal profile by reheating

View 2 .
Case 2 [ringl-continued-16-31.don] View2 i
Temperature [nade] Case 2 [ringl-continued-16-31.don]
Unit: Celsius Temperature [node]
Frin_ Cut Unit: Celsiuz
Regula
Regular r
12554
1255.4
1222.8
1190.2
11576
1125
1092.4
105981
1027.21
994,607
294,607
962,008 262,000
+
+ TIME: 170.0 |, Hi-15403E+05INC: 13188 TVE 1700, H-15403E05ING, 13188
View 1 Viewl i
Case 1 [ringl-continued-16-71.don] Case 1 [ringl-continued-16-71.don]
Temperature [node] Temperature [node] .
Unit: Celsius :m::celsuu: Re h eatl n
i i
Fir, Cit s g
heati
Reheating
1230.4
12304
l 12016
l 1172.8
1144
1152
1086.4
1057.6
10268
1026.6
1000
+
1000

TIME: 170.0 |, H:-1,5403E+05,INC: 13171 22

TIME: 170.0 |, H:-1.5403E+05INC: 13171




il SDT (Standard Deviation of Temperature) and average

MARQUETTE

UNIVERSITY

el LCNPerature on transverse Cross section

1 300 l L) | L) l ) I ] I ] l 1 00
~ —A— Average temperature on cross section
p 1 280 of regular case 90
\C/ 7 - -@- - Average temperature on cross section i
._g 1260 of reheating case 80
8 i - -l- - SDT on cross section of regular case i

—0—- SDT on cross sectionof reheating case

o 1240 -70 S
O 1220 - 60 8
5 i | 0
© 1200 ~ 50 8
=)
® i i o
o 1180 - - 40
- 5
= | !
2 1160 + - 30 E
() 4 L
() 7))
© 1140 - 20
:?J Il L

1 120 = | 10

1100 : . ; . . , 0

|
0.6
Percentage of complete in ring rolling process

T T |
0.0 0.2 0.4
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iy Effect of reheating on the effective strain distribution
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ie
ase 1 [ringl-continued-16-39.don] R I

ffe ctive strain (30 element]

e egular
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SDP( Stand Deviation of Effective Plastic Strain)

MARQUETTE . i
B and daverage affective on transverse cross section

Be The Difference.

3.5 I T l T I Ll l T I Ll l T ' T I T l L) - 3 4
—@— Average effective strain on ] 2
cross section of regular case B 3.2 0.50
3.04 —M— Average effective strain on - 3.0
- & cross section of reheating case ./0 - 28
—A— SDP i f | A =
3 & SDP o oss sachonof rehisatiig eass ° - S 048}
') 26 —1 =
» 2.5 - c a9 d
e 22 O S N
5 2.0- g Fo0 § 3 046t
= i ot
i 0 (=]
_g 0\’ E 1.8 8 >
@ 45 : F16 5 3 044}
B = 14 E
8 ¥ 12 ° &
5 1.0 F1.0 8 3 042}
g -—08 0 -
o - 0.6
Z 0.5- * [ 04 0.40 L " " L ;
e 940 960 980 1000 1020 1040 1060
00 0.0 Initial ring temperature/'C
. | | L) .

02 03 04 05 06 07 08 09 10 11

Percentage of complete in ring rolling process . Sun, Z.; Yang, H.; Ou, X., Thermo-mechanical
coupled analysis of hot ring rolling process.
Transactions of Nonferrous Metals Society of
China 2008, 18 (5), 1216-1222.
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Cost estimation for the reheating
el during the ring rolling

* The heat transaction difference
curve was plain enough to

1600 estimate an average value for
1400 the heat gain from reheating
] /fd\“ box, and it was estimated as

1200 A 1300kW.

1986  The amount of energy obtained
< 800 - from reheatmg box Ereneating =
< 600- 1300kW 36005 /R = 61.4kW-h.

3 400+ * Assume the efficiency of the

= 200- - -~ -Regular case real reheating device 1 = 50%,

© ! O i Reheating case then the total electricity needed
. Py Heat flux difference would be 122.8kW-h per ring.

S * Based on the industrial

-400 - e electricity rate $0.23 per kW-

600 s, h?°, the reheating cost for the

: - g candidate ring simulated is

-800 LA B R B A RN E R A L S L L R R S2824

20 0 20 40 60 80 100 120 140 160 180
Time (s)
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Be The Difference.

The predicted dimensions, surface temperature of the ring and mill
loads in the FE model were in good agreement with the actual values of
the real ring rolling process.

The final ring temperature profile is not significantly dependent on the
roll temperature.

The reheating box greatly improved the uniformity of the temperature
profile on the ring, the standard deviation of the final temperature
decreased from 45 to 4.5.

The reheating didn’t significantly change the uniformity of effective
strain on the ring.

The estimated reheating cost per ring was $28.24 (< 180 RMB).
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Future work

More efficient ring rolling FE model
Test methodology on a super alloy ring

Test methodology with different modes of
heating furnaces

Development of reheating model based on
induction heating

Microstructure modeling using reheating
and validation



I Heat flux of different methods during regular and
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- - - Convection with ambient 1400 - - = Convection with ambient
1000 |~~~ Convection with ambient | 14 e
1 N Conduction with dies E (I'-?rci)cr;‘tcii::tlon with dies
=~ Friction 1200 4 -
800 -
| ey Radiation | A N haaai Radiation _ .
600 - RS PR Power of plastic deformation 000d— f N\ _ |7 Power of plastic deformatron
| § Total heat transaction Total heat transaction
< 400 - s 8001
200 2, 1 o o e amamceie
< ] > 600
5 =
2 ° f 400
— N m -
§ -200 T 1
| 200
-400 | R
-600 0 - S o e RS S SE S e o B e e e o i
-800 - -200 -
L T S PR SRS T S I LN (O ) N NN W N =t < 1 * 1 % 0 * I ¥ &L % & & &% 1 * 1=
20 0 20 40 60 80 100 120 140 160 180 20 0 20 40 60 80 100 120 140 160 180
Time (s) Time (s)
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FE model - Thermal
S [stimation of heat loss
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Qtotal = Qrad + Qh + Qkh

. k
Qrad = Asurf,O €0 [Tring,surf4 - Tsurr4] . ‘0.001 . W

. kW
Qn = Asurf,o - h - [Tring,surf - Tsurr] +10.001 - W

W‘

Eq. 4.4

Eq. 4.5

Eq. 4.6

Eq. 4.7
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86F [150F

Be The Difference.

250F | 400F

View 2
Case 2 [ringrolling-scot-case2-ambient9.don]
Effe ctive strain [3D element]

View 2
Case 2 [ringrolling-scot-case2-150f1.don]

Unit: §_unit
Frin, Cut Effective strain (30 element]
103 Unit: S_unit
Frin, Cut
108
9.92
992
B 5.94
394
7.36
7.96
&8 698
6
5.02
404
3.06
208
11
%+

L — TIME: 1700, Hi-L5403E+05INC: 13167

TIME: 170.0 , H:-1.5403E+05INC: 13168

View 2
Case 2 [ringrolling-scot-case2-250f14.don]
Effective strain [30 element]
Units . unit
Frin, €at
109

View 2
Case 2 [ringrolling-scot-case2-400f5.don]
Effe ctive strain [3D element]
Unit: S_unit
Frin, Cut
109

TIME: 1700 . H-15402E+05INC: 13169 TIME: 1700, Hi-15403E+05INC: 13169

31



[
MEM

MARQUETTE

UNIVERSITY

Be The Difference.

Average effective strain on cross section

Average effective strain and SDP on cross section

3.8 , , , , I , ,
=l ] —A— Average effective strain on cross section e
3.6 —m— SDP on cross section l
35- 2.2
3.4- A
3.3- _ = 2.0
a2l a— _\:/
3.1 - 1.8
30-
29:> - 1.6
1 1 N ——

50 100 150 200 250 300 350 400 450

Roll temperature (C)

SDP on cross section
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