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Study on the Evaluation of Hot Workability of Steels by Hot Torsion Tests.

Synopsis:

Fujio Morozumr

Occurrence of cracks in tube-making, particularly in piercing tube blanks, constitutes one of the
important problems, and has been studied on its various aspects since many years; research efforts have
also been made to find an effective method for determining the optimum working temperature, however,
without any satisfactory result. It was seemed that the hot twisting test was a valid method for ad-
vancing these studies, but because the deformining mechanism in the course of twisting was not as
yet clarified, the extent and scope of this validity were not considered to be sufficiently established.
For this reason, the author developed a device capable of easily measuring not only the torque and
the number of revolutions at fracture, but also the secondary stress in gauge direction caused by twists,
and examined the twisting deformation patterns and importance of the secondary stress in determining
the hot workability. In this way, the following conclusions were obtained.

(1) The secondary stress occurring in the course of twisting is the phenomenon accompanying
shearing, and acts as tension at a temperature higher than the recrystallization temperature.

(2) There exists a certain relationship between the shearing strain (e') and the absolute tempera-
ture (Tk) at which the secondary tensile stress appears within the range of austenite temperature exa-

mined. .
e'=eo (Tg) R

It seem to us that there is a close relationship between this fact and the recrystallization of material.
(3) The intensity of secondary tensile stress (o:) is determined by strain (¢ ), strain rate (¢) and
absolute temperature (Tk); and these correlation can be expressed in the equation.

or=log K- (em-én- T4

where m, n and A are the constants incidental to a particular material; r indicates the sensitivity to

speed, A represents that to temperature.

(4) The patterns of deformation in hot working of steel can be generally classified into three types,
in relation to the stress, the strain and the fracturing shape.
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(5) The relation of the coefficient of hot torsional working (4R) and the critical deformation( 3 )
in piercing can be expressed in following common equation.

log § =do+4& - AR

where & and g, are the constants incidental to a particular material.
(Received 20 May 1966)

Symbol used in the present papers
r Maximum shearing stress (12/7d%. Mj)
(kg /mm?)
Shearing stress at fracture point ( kg/mm?2)
o+ Secondary tensile stress (7/0°25rd?)
(kg /mm?)
Secondary tensile stress at fracture point
(kg / mm?)
T Axial tension (kg)
T, Apparent axial tension (kg)
M, Torque (kg-mm)
4R Coefficient of hot torsional working (ot/7)
R' Hot torsional ratio (¢'s/7")
N  Number of twist at fracture
N Number of twist
N Modified number of twist (Number of twist
when the seondary tensile stress show the maxi-
mum value)
n 1 Number of twist secondary tensile stress initi-
ation
Number of void occurrences
¢  Shearing strain
€' Shearing strain until secondary tensile stress
¢ Strain rate (sec™1!)
t Time until secondary tensile stress initiation
(sec)
E Activation energy (cal/ moi)

Tx Absolute temperature (°K)

41 Deformation of gauge length (mm)
Vg Hardening velocity
Vs Softening velocity
d _ Critical deformation in piercing (%)
p Specific gravity
¢ ' Distribution of surface crack

71

T }Type of z-N diagram
TII

g1

gir b Type of ¢,-N diagram
o111

R
Ru} Shape of broken specimen
111

d1
9 u} Deformation of gauge length
m

J
R ' Constant for relation between &' and Tx
m Constant for strain in hot torsional deformation
n  Constant for strain rate in hot torsional
deformation
A Constant for temperature in hot torsional
deformation
Correction for m, n and 4
k  Constant for relation between § and 4R
R4 Gas constant
C Coefficient of frequency
do Constant for piercing

k' Velocity constant
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Main body :

®,®,®,®,8,8 : main shaft bearings

®,®,0,®.® : collars

®,0,@,® : clutches (for feeding and removing specimen)

@ : main shaft

@ : clutch (for transmitting rotary power)
Heating device :

@ : electric furnace

@ : test piece

@,® : specimen supports

rail for moving electric furnace

pulley for moving electric furnace
Loading device :

@ : loading stopper

@ : electromagnetic clutch

@),89 : bearings

@:
@:

32,8 : collars

@ : fly wheel

@,@,@® : V type pulleys

: change gear

: motor

: stopper

: clutch transfer element

: spring for transferring clutch

: spring fixing bar

Measuring device :

: torque measuring element

©®,® : tension measuring elements

@D : twist revolutions measuring elements
@,@ : gear and counter for measuring twist revolutions
@ : driving tachometer

eeeeee

@

Fig. '1. Hot torsion-test machine used in the present study.

E@

Specimen support

clutch (for feeding and removing test piece)
loading arm

loading stopper

sliding key

bearing

ig. 2. Outline of secondary tensile stress
measuring element.
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Fig. 3. Shape and size of the test piece.

— 42 —



SR LV RRC X HHKMORMMITEOFMITH T 5 8AR

1863

Table 1. Chemical composition of tested steels. (wt%)

Composition (%)

Specimen

No. C Si Mn P S Ni Cr Mo Nb
A— 1 0-012 tr 0-03 0-007 0-009 — — — —
A— 2 0-017 ” 0-05 0-013 0-014 — — — —
A— 3 0-033 Y 0-04 0-010 0-004 — _ — —
A— 4 0-04 y 025 0-026 0-020 — — — —
A— 5 0-07 v 0-42 0018 0017 - — — —
A— 6 0-09 017 042 0-018 0017 — - —
A— 7 0-10 tr 0-37 0026 0-015 — — — —
A— 8 0-12 ” 0-38 0072 0-015 — —

A— 9 0-12 002 0-40 0026 0-017 — — _ —
A—10 0-13 020 047 0-015 0-010 — — —

A—11 0-14 023 0-48 0-011 0-021 — — — —
A—12 0-15 0-04 0°36 0-004 0-026 — — — —
A—13 0-15 0-14 0-47 0-015 0-019 — — —

A—14 0-15 0-21 0-44 0-031 0-019 — — — —
A—15 016 0-54 1-49 0-015 0-016 — — — —
A—16 0-24 0-29 052 0-020 0-018 — — — —
A—17 0-27 0-20 0-40 0-015 0-030 — -
A—18 039 0-21 0-65 0-007 0-016 — — — —
A—19 0-40 0-55 077 0-009 0-015 — — — —
A—20 0-43 0-27 0-68 0-015 0:017 — — —

A—21 0-45 0-26 0-86 0-021 0-018 — — —
B— | 014 0-23 0-53 0-017 0-011 — 1-04 055 —
B— 2 011 0-34 0-55 0-011 0-007 — 2-31 0-90 —
B— 3 015 0-37 0-44 0012 0-013 — 2-25 1-10

B— 4 011 035 0-44 0-043 0-016 — 511 0-46

B— 5 010 076 0-51 0-019 0-003 — 7-07 051 —
B— 6 012 044 0-48 0-008 0-006 — 8-58 094

B— 7 0-13 1-00 0-45 0-025 0025 — 9-00 1-00

c— 1 004 0-56 156 0-014 0016 10-03 18°16 —
C— 2 0-04 070 1-22 0-014 0-009 10-16 18- 24 — —
C— 3 0-05 070 1-79 0-032 0-010 10-69 18-29 —
C— 4 0-04 0-72 1:37 0-015 0-007 11-43 18-60 _
C— 5 0-07 0-58 1°68 0-014 0-010 13-91 92-58 — —
C— 6 0-05 0-58 168 0013 0-015 19-96 2457 — —
D— 1 0-08 0-36 1-18 0-021 0-011 9-10 18-32 0-48 —
D— 2 0-05 0-51 1-03 0-032 0-012 8-66 17-90 0-20 —
D— 3 0-07 0-46 1-19 0024 0-005 9-02 18-09 0-27 —
D— 4 0-04 0-29 1-53 0015 0-005 1072 18-45 1-14 —
D— 5 0-06 0-31 1-51 0-020 0-007 13-69 17-52 2:31 —
E— 1 0-09 0-50 0-82 0-012 0-015 — 10-71 — —
E— 2 0-09 0-41 0-78 0-013 0-015 _ 12-24 _ _
E— 3 0-09 0-39 0-72 0-012 0-016 — 12-87 — —
E_ 4 015 0-66 0-99 0-018 0-016 _ 10-83 — —
E— 5 015 0-65 095 0-018 0-015 — 11-83 — -
E— 6 015 0-59 0-95 0-016 0-017 _ 12:91 — —
E— 7 019 0-64 0-64 0-027 0-017 — 10-94 — —
E— 8 019 0-60 0-64 0-028 0-018 — 11-80 — —
E— 9 018 0-54 0-61 0029 0-018 _ 13-15 — —
E—10 007 038 0-58 0-020 0-009 0-34 16-32 _ —
E—11 0-06 0-42 0-53 0-033 0010 0-28 17-10 — —
E—12 0-10 0-34 0-8l 0-025 0014 0-11 17-54 —

E—I13 0-18 0-80 1-40 0-018 0-005 015 9443

F— 1 0-10 0-20 0-30 — — 8-50 — — —
F— 2 0-10 0-20 0-50 — — 8-50 _ — —
G— 1 0-05 0-30 1-61 0-011 0-008 11-34 17-46 0-09 0-43
G— 2 0-03 0-31 1:75 0-020 0-012 12-14 17-54 1-10 0-47
G— 3 0-07 0-67 151 0-016 0-015 10-85 17-54 014 0-71
H— 1 1-03 0-48 0-99 0-016 0-009 0-23 1-05 — —
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Photo, 1. Example of recordmg of torque @,
secondary tension @ and fracturing
revolution @) in carbon steel.

(Test temperature 900°~1300°C, strain rate 3°5

sec™1)
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Schematic illustration of relation between
numbers of twists and changes in torque
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Fig. 5. Relation between secondary axial stress and

test temperature.
Test piece’size 8 § x30
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Fig. 7. Relation between numbers of twists until
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secondary tensile stress initiation (7;) and
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Fig. 9. Relation between numbers of twists until
secondary tensile stress initiation (n) and
diameter of test piece.

Table 2. R and g, values in austenite temperature
range at strain rate 1-4~34-7sec~1.

Specimens R =)
0°122,C 1-70
Carbon steel 2-50~2-85 N

A-8 ~3-50x10°
0-249,C ) 1-56
Carbon steel 2:69~-2-80 .

A-16 ~3-84x109°
0-439,C 1-60
Carbon steel 1-74~1-82 N

A-20 ~2-84x 108
I8Cr-10Ni 120
Stam(l}e.fs2 steel 4-36~4-70 ~2°55% 1014
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Fig. 10. Relation between strain until secondary tensile

stress initiation (&') and test temperature.
(1/Tx®) (0°249,C carbon steel, A-16)
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Table 3. Activation energy of steel speci-

mens at strain rate 1-4~~34-7sec™1.

. Activati
Specimens CE{VBé;{)/nrrf;llcrgY

0:129,C

Carbon steel 7000~-7900
A-8

0-249,C

Carbon steel 7000~7590
A-16

0:439,C

Carbon steel 4440~4550
A-20

18Cr-10 Ni

Stainless steel 9580~13100
C-2
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11. Relation between test temperature and time of recry-

stallization ('), time until secondary tensile stress
initiation (2).

° HighCr steel
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Relation between maximum secondary tensile stress and
maximum shearing stress in 58 kinds of steel tabulated
in Table 1.
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Fig. 13. Relation between secondary tensile stress and number
of revolutions at fracture in 58 kinds of steel tabu-

lated in Table 1.

Table 4. m, n and A value of steel specimens.

Specimens m n A
0- 12%9 Carb(en steel 1:050 0100 1385
0-249,C Carbon steel 1-180 | 0-090 1-320
A-16
0-439,C Carbon steel 1-135 | 0-072 1-096
A-20
%3
I18Cr-10Ni Stainless . . .
steel G2 0-675 | 0-102 1-083
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strain) and changes in shearing stress and
secondary stress.
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i & OFE{RIZ Table 5 R L7, THbbKER A-
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Fig.30. Sampling positions of an ingot.

Table 5. Sampling position and direction for an

ingot.
: i . Sampling
Specimen | Mark Position of ingot direction
Top
A [(Zone of V segregation] Long.
at core)
Middle
C |(Zone of V segregation 4
at core)
E Eoui Boatom P
0-10%Q ( qula;zp zone at core)
p
Carbon B (Zone of A segregation) g
Middle
steel D (Zone of A segregation) 7
A-T7 F Bottom ”
(Zone of A segregation)
Top
G |(Zone of V/ segregation | Trans.
at core)
Middle
H ([(Zone of V segregation K
at core)
I Bottom »
(Equiaxed zone at core)
Top
A |(Zone of V segregation | Long.
at core)
Middle
C [(Zone of V segregation 4
at core)
T Eaui Bofitom 7
0-459% C ( qula'l)iz zone at core)
B P . ”
Carbon (Zone of A segregation)
Middle
steel D (Zone of A segregation) 7
A-21 G Bottom P
(Zone of A segregation)
Middle
E (Zone of rim) 7
Top
H ((Zone of V segregation | Trans.
at core)
Middle
I [(Zoneof V segregation 4
at core)
J Bottom »
(Equiaxed zone at core)
Biaw, F: BVENE »oHMBAZERKL, TR

EM A-21 DiFE
H: V{E#/E, B

Vig#r/g, D: #
%ONE (F, J: LR,
NENRBA 2RI L7,

BB OES L D 74% OFIE (A,
EVIEFE), S7%0f& (C, I:

EVIEFTE, E: AEFRRE)
G: EVIRITE) »b%
sk, KEHM AT KET5

fIEA,B,C,D,E, FxIUUREH A-2]
#&A, B,C,D,E, F,GCoRBK DEIAMITALE
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Fig.31. Secondary tensile stress of test pieces taken from various points of an ingot.
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Table 6. Classification of hot twist deformation pattern.

=N a-N Shape of broken Deformation of ,

Group Diagram Diagram specimen gauge length Remarks
I w1 Type — Ry Type 01 Type Vu> Vs

I i1 Type ”g;sgl Ry Type o1 Type Va=Vs
I ti1 Type om Type Rin Type dm Type VukVs

Vg : Hardening velocity, Vg : Softening velocity

T1 type

Torque

Totype
Ll Ly

P S S N N TN TS SN N N A

Longitudinal
tensile force
T rrr 1 1 1 117 1+ 1T 17

1 O RO NN T N T N T N T T S

Number of twists N’

Fig.32. Classification of relations between changes
in torque, longitudinal tensile force wvs
numbers of twists and shapes of twist—fra-
ctured specimens.
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. Schematic illustration of relation between
longitudinal force and number of twists.
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e T
a) Number of twists ( 8°5) b) Number of twists (12°5) g
c) 4 (14-5) d) 4 (16-0) ,
e) v (17:0) 1) v (17-0) . W
(Enlarged, x59) (7/15) - poo :
X T Y i . '?
¢ . SR N .
a ! ‘_( : v.'};: L ,;
EONII YL T S S SRR
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Photo. 2. Micro-cracks in the interior of 9Cr-1Mo steel occurred during twisting.
(Test temperature 1200°C, strain rate 1-4sec™1)
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Photo. 3. Void in carbon steel
appearing with twist
(X30) (4/9)
(Test temperature
1000°C, strain rate
1-4sec—1)
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Fig.34. Relation between changes of secondary tensile stress appearance of test piece surface.
(17 Cr stainless steel, E-11)
Testing temperature 1300°C, test piece size 10 § x 30, strain rate 1-4sec~!?

Number of twist (10)

Number of twist )(‘65) Number of twist (85)
Photo. 4. Microstructure of 17 Cr stainless steel becoming coarse with twist.
(x100x1/3) (4/5)
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{Magniﬁcation of microscope : 400
Number of fields (f) : 60

Determination of cleanliness (d): =’ (number of
lattice point covered by void) was measured by the
formula :

7
d=—"___ %100
pPXSf
p : Number of total lattice in the field.

Fig. 35. Measurement of void.
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-Fig.36. Relation between secondary tensile stress, number of void occurrences

and number of twists.
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Photo. 6. Example of shape of void appearing with twist without etching. (x750) (3/5)
(0:15% carbon steel, A-14) Test temperature 1200°C
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Photo. 7. Changes in surface cracks with strain rates.
(18-12Nb stainless steel, G-2)
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Fig.39. Relation between strain rate and changes in
secondary tensile stress, number of void and
distribution of surface crack.

(18-12 Nb stainless steel, G-2)
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Fig. 40.. Relation between strain rates and changes
in number of void, tecondary tensile stress

(01494, Carbon steel, A-11)
Test temperature 1000°C
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Fig. 41. Relation between maximum secondary tensile stress and number of twist at fracture
(N), and modified number of twist when the secondary tensile stress show

maximum value (N,).

Low alloy steel, test temperature 950°~1250°C
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Photo. 8. Relation between surface
cracks and void appearing with
twist In various strain rates.
(0-14 carbon steel, A-11)
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Photo. 9. General view of piercing-rolling machine
used in the present study.
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Table 7. Dimension of piercing-rolling machine used
in the present study.

Designation Dimensions

Roll diameter Max. 150 mm §

Roll length 670 mm

Roll face angle 3230’

Roll cross angle 6°

Roll opening 25 mm

Guide shoe Taper type
Roll revolution 20r.p.m., 40r.p.m.
Motor 20kW

A-12, {448 B-3 BXu44 C-6, D-1, E-
10, H-1 0 7@ * BV, hU vkEE, FILHA®R
FFERC X A2MITEOFHEE HbE TITEV, TH:
SRR Tl D BB R 25
4.1 #AHRLOMIMEFIMNTICEITIERFELR

DB

7L Bz Table 7 R H#AESR B OEBANE
22T EIEHE % vV 7. Photo. 9 i+ OMERE TR L 7. %
ILRBE ORI SHROBERES, Thih 25mm§ &
30mm§, FX 150mm OF ——-BTHL. Fi
FRICT7 27-h U hERBRIC BT 2R BH IIRBHOE
Z8mm§, EX20mm 0D TH5H. REBIEE, 800
~1300°C DFIFZ T E & L, ABEEIIHEE (At v:
750 rpm, %L : 40 rpm) X UYEEGFL H ¢ 80rpm,
ZEFL : 20 rpm) D 2 FIHIT DWW T{TR 27

FHIHABRTHBF OP LIRS REELIILDLE
TRLMRALEFREI % THHbL, RUVHABRTELNL
72 2 KRB BBRIG I OFAMICHIS T 20 D EIE (Vw) &

T T T T
o——0 0'15% Carbon steel A-i2

B @——& 043% Carbon steel A-20
c 48 a0 2y4Cr-| Mo steel B-3
a 8———e 25-20 Stainless steel C-6
= aA——A 18- 10 Mo Stainless steelD — |
o 40 a——a |7Cr Stainless steel E-10
- L a——a |C-1Cr steel H -1
° s

32 %
2 L L~
w / E/ /0’
c 24 -
° - A o &l @
L | BT T
g 16 /‘ O &
3 &8 o sf2] /
— - ,°
e
S5 8
1 1 1 ! 1 Iy !
0] 8 16 24 32 40 48

Modified number of twists Nm
at 80 rpm. (14 sec')
Fig. 42. Relation between critical deformation in

piercing test and modified number of twists Ny,.
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Photo.10. General view of piercing test pieces.

Table 8. k£ and §, value of steel specimens.

25Cr-20Ni stainless steel {C-6)

Specimens

k

do
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Carbon steel
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steel B-3
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14:00

18Cr-10Ni
Stainless steel
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15:75
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1C-1Cr steel
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8-31
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