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On the Combination of Tensile Strength and Ductility of High Tensile
Strength Cold Rolled Steel Sheets and the Metallurgical Factors

Synopsis:

Hiroaki MAsul and Hiroshi TAKECHT

Aiming at the use for the inner and the outer steel panels of the automobiles on which the safety of the
rider should be considered as the first importance, various high tensile strength cold rolled steel sheets have
been developed. A trial has been carried out to find what strengthening mechanism is the best for the
combination of strength and ductility (n—value and the total elongation).

The following results were obtained:

1) The combination of the strength and ductility can be ranked as follows from the best to the worst;
Substitutional solution hardening>Grain boundary hardening> Precipitation hardening

This ranking well coincides with the work hardening behavior.

2) In the substitutional solution hardening type, a collinear distribution of dislocations is dominantly

observed and the work hardening still increases at a large tensile strain.

3) In the grain boundary hardening type, more cell substructures and less structures of collinear distribu-—

tion of dislocations are formed than in the substitutional solution hardening type.

4) In the precipitation hardening type, most of dislocations often have interactions with the uniformly
distributed fine precipitates in the matrix and the strain increases forming dislocation loops at an early
Thus, work hardening is fairly large at the early stage of strain but soon saturates
without forming clear cell substructions at the late stage of tensile strain.

5) The poor combination of strength and ductility of the precipitation hardened steels by the usual treat—
ment is much improved up to a level of the grain boundary hardening type by taking a special treatment,
i.e. 950°C x 1 hr pre-heating before cold rolling and causing the precipitating particles coalesce and dis—
tribute heterogeneously. This improvement coincides with the result of the transimission electron micro—
scopic obserbation that the microstructure after deformation resembles that of the grain boundary hardening

stage of tensile strain.
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Table 1. Chemical analysis and type of hardening mechanism.
Chemical analysis (wt%)
Sample Hardening mechanism
C Si Mn P S sol. N |insol. N | sol. Al Ti
A 0-031 0044 | 0°30 | 0-003 | ©0-013 | 0-0003 | 0-0087 | 0-023 | 0-179 T .
B 0050 | 0-050 | 0-32 | 0-005 | 0-012 | 0-0007 | 0-0096 | 0-035 | 0-396 | Frecipitation hardening
C " 0-005| 0°009|0-17| 0-009| 0:017 | 0-0009 | 0-0036 | 0-003 | 0-096 (3§?h} boundary
ardening
D 0006 | 0-034|2:80| 0:005| 0:009 | 0:0005 | 0-0036 | 0-002 | 0-062 | Substitutional solution
E 0:004 | 0-830 | 029 | 0-008 | 0:014 | 0:0008 | 0-0024 | 0-003 | 0-109 hardening

Takle 2. Treatment of samples.

(Treatment P has been done only with the sample B)

Treatment

N 1 250°C x 1hr—hot rolling (900°C finishing)—70% cold rolling—700°C X 4hr annealing

P | 1250°Cx1lhr—hot rolling (900°C finishing) —950°C x 1hr—709% cold rolling—700°C X 4hr annealing
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Fig. 1. The relation of tensile strength to total

elongation in the commercial cold rolled
steel shects (thickness : 0°8 mm).

EEBEHEID 5% 700°C x 4 hr DS DI B 8
Mt EE % Photo. I =R,

BEslitf 05 |FRsR X L BTN & DR % Fig. 2 R
T B RT IO, BRES-THE{RC D NS L =y,
B AR R LAY > f AR AR LAY > 7 R LAY, ollF & 7
2TWS. ORI Fig. 3 @Rt 5REX-n{E D
NI AQBEBRTLFEECHS. 7, Fig. 2, Fig. 3
TIREESEOELNC 3 FAIOFEHES R LCH 5.

L TEHMBOBRGEN-HOTA LT, [EH-0F%)
figRa Fig. 4 wmR¥. Fig. 4 THLH O X 5 i EE
{EBDCRFEREL LT, WHEERDA, BidvFhi
O T ORI IR LA K E Vot U, BEHEIES
BIEROD, ERwvwihd 0 FH0@% oIk x

a) Sample A (0°03C+0'18Ti)
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for 4%hours.

B (0-05C+0-40Ti)

C (Trace C—Ti killed)

D (Trace C—Ti killed + 2-8Mn)
E (Trace C—Ti killed +0-8Si)

x 100 (3/7)
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Fig. 2. The combinations of tensile strength and
total elongation of the various hardening
types of samples.
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Fig. 3. The combinations of tensile strength and n-
value of the various hardening types of sam-
ples.
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Fig. 4. The true stress—the true strain curve of
various hardening type of samples.
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Fig. 5. The variation in the difference of the true
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C (grain boundary hardening type) with
the true strain.
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Fig. 6. The combinaticns of tensile strength and
local elongation of the samples.
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Fig. 7. The relation between the parameter 7 X r
and local elongation of the samples.
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Photo. 2.
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a) Sample C (trace carbon Ti-killed) : grain boundary

hardening type

b) Sample D (trace carbon Ti-killed+2-89 Mn) : substitutional

solid solution hardening type

c) Sample B (0-05% carbon+0°49%Ti) : precipitation

hardening type

Microstructure of the various hardening types of samples as annealed state by
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Photo. 3. Transmission electron micrograph of sa-
mple C (trace carbon Ti-killed : grain
boundary hardening type) as 6% ten-
sioned. x 40000 (2/5)

Photo. 4. Transmission electron micrograph of
sample C as 159, tensioned.
x 40000 (2/5)

Photo. 5. Transmission electron micrograph of
sample D (trace carbon Ti-killed+
2-89,Mn) as 69, tensioned.

% 25000 (3/7)

Photo. 6. Transmission electron micrograph of

sample D as 159 tensioned.
x 40000 (2/5)
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Photo. 7. Transmission electron micrograph of
sample B (0°059 carbon+0-'424Ti)
as annealed. x40000 (2/5)

XG0 066 (2/5)
Photo. 8. Transmission electron micrograph of
sample B as 29, tensioned.
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Photo. 9. Transmission electron micrograph of
sample B as 694 tensioned.
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X 150 000 (2/5)
Photo. 10. Transmission electron micrograph of
sample B as 159, tensioned.
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Photo. 11l. Microstructure of sample B’
tment) x 100 (3/5)
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Fig. 8. Improvement of the combination of tens'e
strength and total ¢lorgatation by the pzr-
ticular treat ent (P tr:atment) in sampl:
B. ’
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Grain boundary B : by the usual treatment
&7 hardening B': by the particular treatment
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Fig. 9. Improvement of the combination of tensile
strength and total elongation by the parti-
cular treatrrent (P treatment) in sample B.
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(a) The usual treatment (N-treatmert)

(b) The particular treatment (P-treatment : $50°C X thour preheating before cold rolling)
Photo. 12. Electron micrographs of the precipitations in both the usual treatment and the

particular treatment of sample B by thc extraction replica method.
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Fig. 10. Change of the true stress-true strain curve

by the particular treatment (P treatment)
in the sample B.
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(a) by the particular treatment (P-treatment)

(b) by the usual treatment (N-treatment)

Photo. 13. Comparison of transmission electron mi-
crographs of sample B as 29, tensioned
both in the particular treatment and the
usual treatment.
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240000 (2/5)

%60 000 (2/5)
(a) The particular treatment (P-treatment)
(b) The usual treatment (N-treatment)

Photo. 14. Comparison of transmission electron mi-
crographs of sample B as 69, tensioned
both in the particular treatment and the
usual treatment.
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Photo. 15. Comparison of transmission electron mi-
crographs of sample B as 159 tensioned
both in the particular treatment and the
usual treatment.
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DOFERAE B 55D EF X b5, Photo, 6 DIIY,
BEEBOME TR IS0, MEBLEOLh X
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—75, AKIEESRD b AR S < HEEsNG T
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BRI X MTRMLROWMMET 5 £ L THEL, A&
TLEL LB TLDFEDOFIR & cross slip OHIEIR 15%
MITAHEDOIMTHELRLY —FHD TV 5 LfEESN 5.
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Photo. 16.
phosphorus as 6% tensioned.

Photo

phosphorus as 159, tensioned.

ZOBFII R 39 Mn FiFiciRS9, 7ok i
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WS 3Eh X -k /5 o =% Fig. 11 iR+ X
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ATy Bt UL TER £ I 2 e .
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b—HEHIZDOTWED DEELLNEY. O ZEiX
Fig. 51T RENB L DI 6~8 BHEEEX COBOTD
IMTALRSBIERC RSV & 2R ET 5.

—7 cross

-v WAL AR LI L ) T
O D1y EALFM CvhFT

Transmission electron micrograph of alummum k?lled steel conté.mmg 0-19
x40 000 (2/5)

17. Tr‘.ﬂsmxcsxon clectron rmcrocroph of aluminum killed steel containing 0-19

%40 000 (2/5)

S5
Grain boundary hardening
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‘g 20 . steel
e .
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Tensile strength ( kg/mm?)
Fig. 1l. The combination of tensile strength and

total clongation of the aluminum killed
steel coentaining phosphorous,
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