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Abstract: Two kinds of steels (YP960 and YP690) with low carbon bainite structure were designed, and their flow
stress and strain hardening exponents were studied. The results showed that, when Hollomon relation was applied to
describe the flow stress, there were significant errors between the experimental and calculated points in specimens
tempered below 4100 °C, while a high precision was obscrved in samples tempered above 400 *C. Whereas, the modi-
fied Voce relation could effectively predict the flow stress as well as the strain hardening exponent at different tempe-
ring temperatures, which was verified by unbiased estimators such as maximum relative error (MRXE) and average
absolutc relative error (AARE). Besides, the modiflied Voce relation was also applied to cstimate the maximum uni-
form strain, and the correlation coefficients (R) between the experimental data and calculated maximum uniform
strain were more than 0. 91. The high correlation coefficients indicated that the modified Voce relation could effec-
tively predict the uniform deformation ability of high strength stecls with low carbon bainite structurc at diffcrent
tempering temperaturces.
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Owing to the severe service environments and
the desire of construction machinery for the high
strength steels with excellent weldability, YP960 and
YP690 steels become the most attractive steels ™!, To
meet these requirements of construction machinery
markets, many steel corporations, such as the Nip-
pon Steel'*!, South Korea's POSCO and JFE Steel'!!,
expected the development of the two kinds of steels.
High strength steels that have yield strength above
600 MPa are generally of martensite or tempered
martensite structure., To garantee martensite struc-
ture, high percentages of carbon and other alloying
elements (such as molybdenum and chrome) are the
features of conventional high strength steels. Moreo-
ver, the common approach to increase the strength
of traditional high strength steels is increasing the
content of carbon or other alloying elements to im-
prove the hardenability. Nonetheless, high content

of carbon and alloying elements leads to a high car-

bon equivalent (C,) and deterioration of low tem-
perature toughness and weldability. As contrast to
martensitic steels, low carbon bainitic steels are
composed of few alloying elements but have excellent
hardenability, weldability property and strength, which
leads these kinds of steels to be more prevalent™®,
Tempering process is related to complex evolu-
tions of microstructure and plays a crucial role in the
deformation behavior of high strength steels. Many

13,781

researchers conducted intensive studies on the

heat treatment (direct quenching (DQ), reheat
quenching (RQ) as well as heat treatment online
process (HOP)!'"*! for instance), but further stud-
ies on the mechanical properties and deformation be-
havior were neglected. Recently, in view of mobile
dislocation, lath boundaries and dissolved carbon
and nitrogen atoms, Yan et al. " explained the ap-
pearance of upper yield point and strain hardening

exponent; however, flow stress models for tempe-
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ring process and strain hardening were not involved
in the researches, either.

The common flow stress-strain relations include
Hollomon type, Swift type and Voce type, etc. Through
fitting of the strain and tensile stress during uniform
plastic deformation, the parameters in the flow
stress-strain relations could be calculated. As the da-
ta of Yan et al. "' shown, the Hollomon equation
can be applied to predict the flow stress of the low
carbon bainitic YP960 steels. However, there were
significant errors between the Hollomon equation
and the experimental data, especially in as-quenched
and low temperature tempered steels as the data in
Ref. [11] indicated. In published references, there
are no applicable models for there kinds of steels.
Thus, in this paper, two kinds of low carbon bainit-
ic steels with yield strength of about 690 and 960 MPa
were designed and manufactured by DQ/ultra fast
cooling (UFC) and tempering, then the deformation
behaviors of the two steels during uniaxial tension
were studied. Besides, based on dislocation density,
a model for flow stress and strain hardening expo-

nent was established for the two steels.
1 Experimental

The detailed chemical compositions of the in-
vestigated steels are represented in Table 1. The as-
received materials were smelted in a 25 kg vacuum
induction furnace, and were forged into stocks with
sizes of 60 mm X 60 mm X 100 mm. The blocks of
YP960 steels and YP690 steels were soaked at 1250 °C
for 2 h, and hot-rolled to 12 and 16 mm plates in
thickness, respectively. The start rolling tempera-
ture of finish rolling was below 900 “C. The YP960
steel plates were directly quenched after rolling,
while the YP690 plates were fast cooled to room tem-
perature (cooling rate is about 70 C/s). The samples
for the tensile test were cut from the plates along
the longitudinal direction and then incubated at giv-
en tempering temperature for 35 min followed by
cooling in air. The tempering temperatures were
chosen as 250, 350, 400, 450, 500, 550, 600, and
650 C, respectively. Thermal cycles were represen-
ted in Fig. 1 for the two materials.

Table 1 Chemical compositions of investigated steels mass %
Steel C Si Mn Cu B Ti Nb \% Cr Mo Ni Ceq
YP960 0.07 0.164 1.475  0.241 0.0013 0.03 0. 055 0.04 0.569  0.147  0.265 0.504
YP690 0. 07 0.18 1.79 - 0.0016 0.01 0. 06 0. 057 0. 96 - 0.21 0. 586

Note: Ceq=C+Mn/6+ (Cu+Ni)/15+(Cr+Mo-+V)/5.

' 1250C,2h
g
£ 70C /s
& DQ YP690
5
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YP960
Time -
Fig. 1 Schematic drawing of rolling and cooling

processes for the two experimental steels

The cylindrical tensile specimens with 5 mm in
diameter and 25 mm in gauge length were employed.
The tensile tests were performed at room tempera-
ture using a CMT-4105 tensile machine, and the cross-
head speed was 2 mm/min. Scanning electron mi-
croscopy (SEM, Zeiss ultra 55) was used to observe
the microstructure of each specimen. The electron
backscattered diffraction (EBSD, Zeiss Ultra Plus
field emission scanning electron microscope) with

step size of 0.12 pum was used to observe the grain

boundaries of each specimen. HKL Channel 5 soft-
wares were employed to analyze the results of EBSD

measurements.
2 Results and Discussion

2.1 Microstructures

Microstructures of quenched and tempered
YP960 steels are shown in Fig. 2. In quenched speci-
mens, the microstructures are mainly lath bainite
(LB) and martensite/austenite islands (M/A islands)
along the packet boundaries. The microstructure of
specimens tempered at 250 C is nearly same with
that of the quenched samples. As for samples that
were tempered at 450 ‘C, the packet boundaries are
still distinct, and M/A islands turn out more disper-
sive and smaller. In samples that were tempered at
550 °C, some packet boundaries are observed to be
blurried, even disappear. In case of samples that
were tempered at 650 °C, the lath boundaries as well
as the substructures disappear, but the prior austen-
ite grain boundary (GB;,) and packet boundary still
could be distinguished from the SEM images.
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Fig. 2 Microstructures of YP960 steels tempered at different temperatures

Microstructures of YP690 steels fast cooled and
tempered at different temperatures are represented
in Fig. 3. The microstructure of the fast cooled YP690
steels is mainly composed of LB and small amounts
of ferrite and granular bainite (GB); the bainite
packets are intersected each other, and the amount
of M/A islands is much more than that of YP960
steels (Fig. 2(a)). It should be noted that, the fer-
rites in the as-cooled specimens (arrows 1 and 2 in
Figs. 3(a) and 3(b)) are distributed along the GB;,
and surround the [.B and GB, which are similar to grain

(a) As-cooled;

(b) Tempered at 300 C;
Fig. 3 Microstructures of YP690 steels tempered at different temperatures

2.2 Flow stress-strain relation

Aiming to describe the strain hardening behav-
ior in the entire range of plastic deformation, a rea-
sonable flow stress-strain relation should be essen-
tial, So when the yield strength, the maximum uni-
form strain and working hardening ability are re-

(c¢) Tempered at 400 C;

Y2 Tn speci-

boundary allotriomorphic ferrite (FGg,
mens tempered at 400 °C, the packet boundries be-
come obscure, the bainite laths start to bond to each
other, and there are only 3—5 packets with remark-
ably different misorientations in the whole image as
a result. In samples tempered at 500 and 600 C, the
packet boundaries and austenite boundaries disap-
pear; the quasi-polygonal ferrite (QPF, arrows 3
and 4 in Figs. 3(d) and 3(e)) could be observed,
and increases in quantity and in size with the in-
crease of tempering temperatures,

s

% Packet boundary

(d) Tempered at 500 C; (e) Tempered at 600 C.

ferred to, a suitable flow stress-strain relation is re-
quired. The common flow stress-strain relations belong
to Hollomon equation and Voce relation (expressed
by Egs. (1) and (2), respectively). In Egs. (1) and
(2), e is true strain that can be calculated by Eq. (3);
S is true stress that can be calculated by Eq. (4); o
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and € are engineering stress and engineering strain, modified relation was represented as:
respectively; K is the strain hardening coefficient; n is S=¢qg[1—exp(—K,Me*>]/K, (5

strain hardening exponent; g is the shear modulus
(x=80000 MPa); b is Burger's vector (b =2.5X
107 m); « is a constant (@ =0.33); M is Talor's
factor (M=3); K, is recovery rate; and K, is relat-
ed with the dislocation free path (1) that depends on
some microstructural parameters (grain size, spac-

ing between particles and subgrain size, for in-

stance)H* 15,
S=Ke" (1
[{1 0.3
S=aMubi—[1—exp(—K,Me) ] (2
2
e=1In(l+e) (3)
S=o6(1t¢) (4)

However, when the Voce type relation was ap-
plied to simulate the flow stress of YP690 and
YP960 steels tempered above 400 °C, there were no-
table errors between the Voce type relation and the
experimental results. In order to describe the flow
stress of low bainitic steels, a material constant, p,

was introduced into the Voce relation™®, and the

Based on the linear relationship between logS
and loge in Hollomon relation, a linear regression
results in the values in Table 2. By nonlinear curve
fitting of the stress-strain curves, the coefficients
(g, K, p) in modified Voce relation were obtained
and represented in Table 2. The comparisons be-
tween the experimental data, Hollomon relation and
modified Voce relation are shown in Fig. 4. To esti-
mate the forecasting accuracy of the two relations,
average absolute relative error (AARE, represented as
Eq. (6)) and maximum relative error (MRXE, re-
presented as Eq. (7)) are applied as unbiased esti-
mators to evaluate the precisions of the models. As
shown in Table 2, the predicted results by the modi-
fied Voce relation approximate well to the real ones,
and are more accurate compared to those of Hol-
lomon relation. In samples cooled and tempered at
low temperature, the AARE and MRXE of Hollomon
relation are more than 1% and 5%, respectively, which
implies that Hollomon relation would result in non-

Table 2 Fitting parameters in modified Voce relation and Hollomon relation of YP960 and YP690 steels

Sreel Tcmpcringu . K, AAREy/ MRXEy/ K . n/ew AAREn/ MRXEn/
temperature/C % % % %

YP960 Quenched 13993 11.50 0.6442 0. 308 1. 82 1835.2 0.130 2.98 2.31 10.4
250 16991 13. 87 0.6260 0. 200 0. 60 1661.6 0. 089 2.12 1. 36 5. 40
350 21580 18. 57 0.6457 0. 150 0. 38 1515.7 0.072 2.63 0.72 2.87
150 8257 7.969 0.4140 0.128 0.29 1162.41 0.032 1. 50 0.24 1. 20
550 372 0.003 0.0326 0.221 0.45 1106.0 0.032 0. 80 0.21 0.11

YP690 Cooled 14855 14.92 0. 694 0.161 1. 37 1580.2 0.141 2.95 1.46 6. 34
300 5151 4.736 0. 466 0. 249 1. 16 1499.7 0.114 1. 90 1.22 5.12
100 3377 3. 250 0. 373 0. 248 1. 30 1328.3 0.093 1. 65 0.77 3. 86
500 107 0. 054 0. 069 0. 230 0.79 1129.1 0.0648 0.92 0.23 0. 83
600 371 0.001 0. 066 0. 686 1.73 1106.6 0.0649 0.72 0.69 1.73

Note: AAREy and MRXEy represent the average absolute relative error and maximum relative error of modified Voce relation,

respectively; AARE and MRXEq represent the average absolute relative error and maximum relative crror of Hollomon

relation, respectively; ey represents the maximum true strain of uniform plastic deformation.

1300
1200
<
% 1100
7]
o
& 1000
() Experimental results
900 |- = = Hollomon relation
== Modified Voce relation
800 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05
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(b) YP690 steel.

Fig. 4 Comparisons between calculated and experimental flow stress at different tempering temperatures
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ignorable errors under these condition. In case of
specimens tempered at high temperature, both Hol-
lomon relation and modified Voce relation could pre-
dict the flow stress in an exact way, which is in ac-
cord with Ref. [10] in aspects of high tempering

temperature.
18 | E.—P.
= -t Tt 0
AARE= 2 E X100% (6)
E,—P;
MRXE=Max | ———"| X100% )

where, E; is the experimental value; P, is the pre-
dicted value obtained by the models above; and N is
the total number of data points.

As indicated by Ref. [16], ¢ in Eq. (5) is in in-
verse proportion to dislocation free path A (¢ =1/
(bA)). Based on geometrically necessary dislocations
U7, the density of geometrically necessary
dislocations (GND) is related with A and plays deci-
sive roles in the beginning period of plastic deforma-

theory

tion. When the samples of YP960 steels were tem-
pered at low temperature, the dislocation is prone to
arrange and form the stable dislocation structures; a
great amount of fine carbonitrides would start to
precipitate as a consequence of high supersaturation
of niobium, titanium carbides. Therefore, the densi-
ty of GND will increase, and A will decrease, which
leads to the increase of ¢ of YP960 steels, as shown
in Table 2. However, with the increase of tempering

temperature, the precipitates would become coarse-

ning, the lath boundaries and packet boundaries would
migrate and disappear, which results in the increase
of A and the decrease of ¢,

Owing to a low content of molybdenum and a
relatively low cooling rate, there are few disloca-
tions and more precipitates in the as-cooled YP690
steels than those of the queched YP960 steels. Dur-
ing low temperature tempering, few dislocations
would arrange, and fewer stable dislocation cells
would form. Considering stable dislocation cells are
low angle grain boundaries (LAGB)'*¥!, the change
of dislocation cells at different temperatures can be
estimated through the density distributions of grain
boundary misorientations (GBM), and the density
distributions of GBM could be measured by EBSD
tests. From Fig. 5, the density of low angle grain
boundaries in YP690 steel is quite less than that of
YP960 steel. The ILAGB density in YP690 steel de-
creases with increasing the tempering temperature,
even when the tempering temperature is low, which
implies few stable dislocation cells formed in YP690
steel. Besides, the relatively long cooling time of
YP690 steel leads to low supersaturation degree of
niobium, titanium carbides, so fewer precipitates
would precipitate when tempering temperature is
low. Thus, when the YP690 steel is tempered at low
temperature, fewer dislocation cells and precipitates
lead to the increase of A and the decrease of ¢ (see
the change of g in Table 2).

3.0

1.0

9 Lol YP960 r(b) 2 1 YP690
T 1— Quenched \/ . / ...... 1— Cooled
J — 2— 250 C 08k L \'._. - 2—300C
Lo ffoeres --3—350TC o o« -— 3—400C
. i - 4—400C -=4—500C
L 20 : —5-500T o6l N
< e e 6—550C ’
2
7]
g 04F
R 0t
0.2F
0 5 10 15 0 5 10 15
Misorientation/(°)

Fig. 5 Density distributions of grain boundary misorientation (GBM) in YP960 (a) and YP690 (b) steels

The coefficient K, in Eq. (5) represents the de-
crease of dislocation density during tensile tests. The
decrease of dislocation density comes from the anni-
hilation of dislocation pairs and absorption of dislocations
by the sub-boundary™®?1. As shown in Ref. [21], a
large number of dislocation cell structures and sub-
structures would form when low carbon bainitic
YP960 steel is tempered at low temperature, which
would increase the annihilation of dislocation pairs

and absorption of dislocations and make the increase
of the coefficient K, as a result. When the samples
are tempered at high temperature, the opposite sign
dislocations on different slip planes tend to climb
and annihilate, and the sub-boundaries would de-
crease due to the mergence of LAGB'*!. Hence,
when tempering temperature is above 400 ‘C, the
dislocation density decreases remarkably. So there
are quite few dislocations that would be annihilated
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and absorbed during tension, which makes K, show
significant decline and approach to zero (Table 2). It
is worth noting that K, of YP690 steel decreases e-
ven when tempering temperature is below 400 C,
and it is because the fewer dislocation cells as well as
precipitation in YP690 steel cannot provide sufficient
‘traps’ of dislocation pairs and are not likely to off-

set the recovery of the opposite sign dislocations.

2.3 Strain hardening exponent

Strain hardening exponent n was used in Hol-
lomon equation (Eq. (1)) to describe the metal ten-
sion deformation, and can be calculated by Eq. (8).
In order to develop a deep knowledge of the strain-

stress curves, the instantaneous strain hardening ex-
ponent (n,) was introduced. By the methods of Song
et al. ', the relationship between the instantaneous
n, and the instantaneous strain (e,) is obtained and
shown in Fig. 6. The scatter and lines represent the
experimental values and calculated values of modi-
fied Voce relation, respectively. It could be seen from
Fig. 6 that there is no linear relationship between n, and
e, that is, a single n value is unable to express the
deformation behavior under the entire strain'*'’.

~ JdlogS €dS

" dloge Sde
Combining Eqgs. (5) and (8), the relationship be-
tween n, and e, can be expressed as Eq. (9). Eq. (6)

(8)

0.45 0.35
@ QO Quenched ®) m Cooled
o A 250C = ©300C
0.35 350 C A 400C
O n 025 ©
V7 450C ¥ 500C
A
. 025 F
N
0.15 |
0.15 -
0.05 - 0.05 |
0 0.010 0015 0020 0025  0.030 0 001 0.03 0.05 0.07
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(a) YP960 steel;

(b) YP690 steel.

Fig. 6 Comparisons between calculated and experimental n, —e, curves at different tempering temperatures

shows that, the instantaneous n, is a function of e, »
p and K, , rather than a function of q. The compari-
sons between the experimental and calculated n, —e,
curves are represented in Fig. 6, and the evaluation
criteria are shown in Table 3. The root mean square
error (RMSE) and mean absolute error (MAE) are
determined to be less than 0.019, and the correla-
tion coefficients (R) are above 0. 95, indicating that
the Voce-type equation can effectively predict strain
hardening exponent of the tested steels at different
tempering temperatures. If K; approaches to zero,
the value of n, is a constant (Eq. (10)). Therefore,
if K, is so small that can be neglected, the flow stress is
able to be predicted by both of Hollomon relation and
modified Voce relation (Eq. (11)), and the coefficient p
in modified Voce relation is equal to strain hardening ex-
ponent n in Hollomon equation (Eq. (1)). In high tem-
perature tempering (above 500 C), K, is less than
0. 05 and can be neglected, so Hollomon equation can be
applied to the prediction of strain hardening expo-
nent. It is noteworthy that the latter part of n, —e,
curves in specimens tempered above 450 ‘C shows an
uptrend, which is closely related to the strength sof-

tening during tempering and the compatible deform-
ation between the °‘soft regions’ and ¢ hard re-

*L8]  From the above, it is reasonable that there

gions
are no significant changes in the n, —e, curves above
500 C and the correlation coefficients (Table 3) are
negative,

n,=pK,Me?{[1—exp(—K,;Me?)] ' —1} (9
limn, = lim {pK,Me? [ (1 —exp(—K,Me?)) ' —

K2 >0 K2 >0

1=p (10)
. . (gl 1—exp(—K,Me?)]
limS=lim

K2—>0 K2—>0 K2

=qgMe? (11)

On the basis of deformation behavior in uniform

(231 " it is when the true stress and work

plastic stage
hardening rate are equal in number (Eq. (12)) that
the material starts to deform inhomogeneously. Uti-
lizing Eqgs. (8) and (12), one can find strain hardening
exponent (n) in Hollomon relation represents the
maximum uniform strain (e¢ ). From Table 2, =n
and e show great differences when tempering tem-
perature is below 400 “C but little difference when
temperature is above 400 °C. Besides, the correlation
coefficients between n and ey, are less than 0. 6 (Fig. 7).

So, although strain hardening exponent in Hollomon
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Table 3 Error evaluation criteria of calculated n, —e, curves at different tempering temperatures

Stecl Tempering Corrclation Mecan absolute Maximum absolute Root mean square
temperature/C coellicient error error error
YP960 Quenched 0.978 0.0131 0.0710 0.0193
250 0. 982 0.0097 0.0387 0.0119
350 0. 989 0.0075 0.0170 0.0085
450 0. 960 0.0047 0.0226 0.0062
550 —0. 852 0.0089 0.0160 0.0100
YP690 Cooled 0.978 0.0589 0.0077 0.0127
300 0. 952 0.0471 0.0128 0.0157
400 0. 897 0.0616 0.0129 0.0166
500 —0.325 0.0411 0.0110 0.0135

equation works well in soft ferritic steels and alumi-
num alloys, it is considered to be irrelevant to the
uniform deformation ability in all the temperature
ranges of the tested steels. Substituting Eqgs. (5) to
(12), one can work out the constraint equation of ey
(expressed as Eq. (13)) determined by modified Vo-
ce relation. By means of mathematical software and
the data in Tables 2 and 3, ey at various tempering
temperatures can be solved and shown in Fig. 7.

good relevence between the calculated and experimental
ey. Hence, the modified Voce relation can effectively
predict the uniform deformation ability of high strength
steels with low carbon bainite structure at different
tempering temperatures. In conclusion, if there are
adequate data of the uniform deformation, the modi-
fied Voce relation may be a valid approach to the
prediction for the maximum uniform strain of the high
strength steels with low carbon bainite structure.

Most data points in Fig. 7 are fairly close to the com- S _dS (12)
puted lines of modified Voce relation, and the corre- de
lation coefficients are above 0.91, which indicates a exp(MK ,e?)—MpK,e? '=1 (13)
0.14 L® (O Experimental results _@
\ = = Hollomon relation ™ ~y
N = Modified Voce relation \ -~ -~
0.10 |- AN
N — R=05523
~
S T ==
0.06 - \
N
w
~
0.02 | R=0.9695 - R=09135
1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700

Tempering temperature/ C

(a) YP960 steel;

(b) YP690 steel.

Fig. 7 Comparisons between calculated and experimental maximum uniform strain at different tempering temperatures

3 Conclusions

(1) Two kinds of high strength steels with low
carbon bainite structure were designed, and Hol-
lomon relation and a modified Voce relation were
applied to describe the flow stress of two experi-
mental steels. The results showed that, applying
Hollomon relation to the two tested steels would re-
sult in significant errors in low temperature tem-
pered specimens but a high degree of precision in
high temperature tempered specimens. The high
predictability of the modified Voce relation was also

quantified in the aspects of the average absolute rel-
ative error and maximum relative error. Considering
the effects of tempering on precipitation and disloca-
tion cells, quantitative parameters in modified Voce
relation have been expounded.

(2) In order to have a deep knowledge of the
strain-stress curves, the instantaneous strain hard-
ening exponent was introduced. There is no linear
relationship between the instantaneous strain hard-
ening exponent and the instantaneous strain, so a
single strain hardening exponent in Hollomon equa-
tion is inadequate to represent the deformation be-
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havior under the entire strain. The root mean square
error and mean absolute error of the modified Voce
relation were determined to be less than 0. 0193, in-
dicating that the Voce-type equation can effectively
predict strain hardening exponent at different tem-
pering temperatures. When tempering temperature
is below 500 “C, the correlation coefficients are a-
bove 0. 89. However, when tempering temperature
is above 500 C, R is negative, which is related to
the strength decrease during tempering and the co-
ordinating deformation between the ‘soft regions’
and the ‘hard regions’.

(3) As to the maximum uniform strain, strain
hardening exponent in Hollomon relation is proved
irrelevant to the uniform deformation ability of the
tested steels. With the help of mathematical soft-
ware, the maximum uniform strain can be evaluated
by the modified Voce relation. The correlation coef-
ficients between the experimental and calculated
maximum uniform strain are more than 0. 91, indi-
cating that the modified Voce relation can effectively
predict the uniform deformation ability of high
strength steels with low carbon bainite structure at
different tempering temperatures.
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Mr. Lei CHENG and Ms. Qian-li HE for their
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