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Abstract: The experiments were carried out to measure the mechanical properties of three grades of structural steels (Q235A, 16Mn
and Q390E steel ) at low temperature. It was shown that the strength of the steels increases while the plasticity and toughness de-
crease as temperature drops. In the transitional area the toughness drops rapidly with temperature. Among the three structural steels,

Q390E steel has the best toughness and the lowest sensitivity.
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1 Introduction

Many mechanical properties of steel vary with tem-
perature. Steel becomes less plastic and less tough at
low temperature, and thereby vulnerable to brittle
fracture. Research on steel fractures has been carried
out for many years, therefore it is relatively mature in
some aspects. However, much research was conducted
on high strength steel used in pressure vessel, aviation,
etc. The fracture problem of steel architecture is not
widely studied, since steels used in architecture have
low strength, fine toughness and plasticity.

Research on brittle fracture of steel structure at low
temperature has been widely carried out in Russia due
to low temperature in most of its territory. Some des-
ign methods are well-developed, such as CCCP
method, IIMUTICK method, efc. All these methods are
founded on the basis of traditional mechanics, and the
coefficients employed are concluded from impact
toughness and lots of experiments [1].

In recent years, steel structure have been widely
constructed in China and some projects are conducted
in extremely cold environments, like the railway from

Qinghai to Tibet, China. With high strength steel and
welding connection method applied in modern steel
structure, brittle fracture becomes a great danger in
need of immediate and substantial concern.

In order to analyze the brittle fracture of structural
steel in view of fracture mechanics, many mechanical
properties of structural steel have been measured at
low temperature, the change in mechanical properties
of structural steel at low temperature is analyzed in the
meantime.

2 Experimental

The main purpose of this experiment is to under-
stand the effects of low temperature on the mechanical
properties of structural steel. The ultimate goal is to
promote the usage of steel structure in a wider field.
There are mainly two types of structural steels used in
China, namely, Q235 steel and 16Mn steel. High
strength steel Q390E has been used in some projects.
Therefore, these three structural steels (Q235A, 16Mn
and Q390E) were selected as the experimental materi-
als at low temperature. Table 1 lists the chemical
compositions of the three structural steels.

Table1l Chemical compositions of three structural steels wit%
Structural steels C Mn Si S P
Q235A 0.19 0.49 0.19 0.041 0.025
16Mn 0.18 1.60 0.44 0.025 0.017
Q390E 0.16 1.50 0.41 0.002 0.010

The experiment consisted of tensile test and three-

points bending test. And the following mechanical
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properties of structural steels were examined at differ-
ent temperatures: yielding strength (o), ultimate
strength (6,), elongation (&), reduction in area (y),
crack tip opening displacement (J,) and J integration
(ic)-

The low temperature for the experiment was
achieved through liquid nitrogen. Tensile test was car-
ried out at temperatures from 20°C to —60°C. For
three-point bending test, the temperature range was
from 20°C to 70°C.

Nowadays thick steel plates have been employed in
many structures. But it should be noted that the in-
crease in thickness would reduce the toughness of
steel. As the thickness increases, three-directional ten-
sile stresses occur near the crack tip. Also, the prob-
ability of larger flaws will increase with the thickness.
Therefore, specimens of different thickness were test-
ed in the experiment to evaluate comprehensive influ-
ences of temperature and thickness on the mechanical
properties of steels.

In the experiment, the specimen need be tested at
low temperature environment. There were many
methods to refrigerate the segment of the tested mem-
bers, the method of mixed gas (air and hydronitrogen)
was adopted, and the special equipment was fixed on a
common universal tester. Figure 1 shows its mecha-
nism, the refrigerant was mixed with air and liquid
hydronitrogen.

L A

Figure 1 Equipment for acquiring low temperature,
1—hydronitrogen therapy pipe; 2—liquid hydronitrogen;
3—hydronitrogen container; 4—heater; S—extension tester;
6—heat exchange; 7—tested member; 8—sealed attempera-
tor.

The experimental results were the average values of
several samples. The unqualified results were elimi-
nated under the national standards before processing.

3 Tensile test

3.1 Tensile test specimens

The specimens for tensile test were produced under
China national standard GB 6397-86 Metallic Materi-
als-Test Pieces for Tensile Testing. The geometry of

specimens is shown in figare 2 [2].
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Figure 2 Geometry of tensile test specimens (unit: mm).
3.2 Phenomenon in the experiment

The typical stress-displacement curve for the tensile
test can be divided into five phases: elastic phase,
elastic-plastic phase, yield phase, hardening phase and
shrinkage phase. At the shrinkage stage, three-
directional tensile stresses occur in the shrinking seg-
ment, and the largest value lies in the direction of
loading. The three-directional tensile stresses and the
inherent flaws in steel result in initiation, elongation
and final connection of cracks. The specimen finally
breaks under the shear stress in the edge. As the tem-
perature drops, the yield strength (o,) increases. When
O, is larger than fracture stress (o), the fracture is of
brittle mode. The experiment showed that the tensile
test of AISI 1020 steel is a typical brittle fracture with
the temperature below 61.5 K [3], and there is little
shrinkage in the cross-sectional area.

In the experiment, all the results of tensile test on
the three structural steels are plastic failure at a tem-
perature range from 20°C to —60°C. The tensile test
curves have some changes under different tempera-
tures. Figure 3 is tensile testing curves of Q390E steel
at 20°C, —20°C and —60°C.
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Figure 3 Tensile testing curves of Q390E steel.

3.3 Yield strength and ultimate strength

Figure 4 shows the strength of the three structural
steels at different temperatures. It is indicated that the
yield strength and the ultimate strength increase as
temperature drops.

Various experiments show that the variations of
yield strength and ultimate strength with temperature
could be expressed as:

o=0;explo(1/T-1/T")] (1)
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G,=0y exp[(1/T-1/T")] 2)

where o and f are the sensitive factors of yield
strength and ultimate strength to temperature respec-
tively, o, and ¢, are the yield strength and the ultimate
strength at the temperature 7, and o, and ¢, are the
yield strength and the ultimate strength at the tem-
perature T'.
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Figure 4 Influence of temperature on o, and o,.
The experimental data were regressed in accor-
dance with the above equations to obtain the sensitive

factors o and f§ of the three structural steels, which are
shown in table 2.

Table 2 Factors & and B of three structural steels K™

Factor Q235A 16Mn Q390E
o 195.74 114.48 111.16
B 118.37 73.28 73.51

It can be concluded that Q235A steel is the most
sensitive one to temperature, with respect to both yield
strength and ultimate strength. As the temperature
drops from 20°C to —60°C, the yield strength of
Q235A steel increases by 25%, while 16% for 16Mn
steel and 14% for Q390E steel.

3.4 Elongation and reduction in area

The plasticity of steel decreases as temperature
drops. The elongation (J) and the reduction in area
(@) of the three structural steels are shown in figure S.

The experimental results indicated that the plastic-
ity does not decrease much as the temperature drops
from 20°C to ~60°C. The decrease in elongation () is
no more than 15%, and 10% for reduction in area ().
The plasticity of Q235A steel is most sensitive to
temperature, similar to the situation of strength.

3.5 Fracture surface morphology

The fracture surface of tensile testing specimens
consists of two parts, i.e., fiber area and shear labium.
No radiation area exists. This result showed that the
collapse of tensile testing is ductile fracture caused by
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slow elongation of internal cracks. Figure 6 illustrates
the fracture surface of tensile testing specimens under
scanning electronic microscopy.
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Figure 5 Plasticity of structural steels at low temperature
(€-Q235A, H-16Mn, A-Q390E).

It can be observed from the scanned morphology
photos that the fracture surfaces of three structural
steels are ductile fractures surface consisting of many
dimples at temperatures from 20°C to —60°C. As tem-
perature drops, the dimples become smaller and flatter.
Local cleavage fracture occurs in the fracture surfaces
of Q235A and 16Mn steel as the temperature drops to
—-60°C.

It can be further found that Q390E steel has uni-
form properties and tiny flaws. The fine plasticity and
toughness of Q390E steel are evidenced again by sur-
face morphology, which is consistent with the testing
of &, and Jic.

4 Three-points bending testing

Steel fracture arises from internal flaws. Fracture
mechanics is the most effective approach for fracture
study, in which three main fracture toughness criten-
ons are adopted. Stress intensity factor (Kic) is merely
applicable to cracks with small yield zone. The three
structural steels tested have low or middle strength
and high toughness, it is inappropriate to apply Kic
criterion. Thus, this experiment employed the other
two criterions, f.e., crack tip opening displacement
(CTOD) and J integration (Jic), which are also
suitable for plastic fracture.

4.1 Specimens

Three-points bending testing specimens were
manufactured under China national standards GB
2358-94 Test Method for Crack-Tip Opening Dis-
placement Measurement of Metallic Materials [4] and
GB 2038-91 Metallic Materials-Standard Test Method
for Jic, a measure of ductile fracture toughness [5].
Specimens of four different thicknesses were tested in
the experiment: 12, 24, 36 and 48 mm. The geometry
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of specimens is shown in figure 7.

Figure 6 Tensile fracture surface morphologies of Q235A, 16Mn and Q390E steel (2000X), (a) Q235A, 20°C; (b) 16Mn,
20°C; (c) Q390E, 20°C; (d) Q235A, —60°C; (e) 16Mn, —60°C; (f) Q3%E, —60°C.
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Figure 7 Geometry of a three-points bending testing
specimen.

4.2 Testing process

The typical loading process consists of 5 phases,
namely, elastic phase, plastic phase, hardening phase,
descending phase and fracture. When the temperature
is high or the specimen is adequately thin, the plastic-
ity .and toughness of structural steels are in good
situation. Cracks of the specimen expand slowly, and
no brittle fracture occurs. As the temperature drops or
the specimen becomes thick, brittle fracture appears at
the end of the descending phase, which becomes
shorter in the meanwhile. With the temperature drop
further, fracture occurs at the hardening phase and the
descending phase disappears. Finally, the specimen
fractures at the elastic stage with no plastic distortion
in the crack tip. The loading curves are shown in fig-
ure 8.

4.3 Crack tip opening displacement (3,,)

According to China national standard GB 2358-94,
5 CTOD values were calculated from load and crack
opening curves. The shape of the curves varies greatly
at different temperatures, and only &, parameter
(CTOD at the max load point) can be obtained in each
test. At the same time, the max load is an important

parameter in both structure design and theoretical re-
search. Therefore, &, is chosen as the representative
value of CTOD in the analysis. 8, values of Q235A,
16Mn and Q390E steel at different temperatures are
shown in figures 9, 10, and 11.
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Figure 8 Load-displacement curves at different tempera-
tures.

1.5

1.0}

/ mm

6]'0

T

0.5

0
-80 —-60 —40 -20 0 20
Temperature /°C

Figure9 Curves of §,~temperature of Q235A steel.
Figures 9, 10, and 11 show that, as temperature
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drops, &8, values decrease from several millimeters at
20°C to less than 1 mm at —20°C. It is indicated that
the toughness of these steels decreases with tempera-
ture. The curves are in “S” shape, and composed of
three parts: upper platform, transitional area and lower
platform. The toughness varies slowly at upper plat-
form and lower platform, but changes sharply at the
transitional area. Notably, the transitional area of three
structural steels is in the experimental temperature
range (20°C-(-70°C)), which is very important in
steel fracture prevention because of great variation in
toughness in this range.
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Figure 10 Curves of §,-temperature of 16Mn steel.
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Figure 11 Curves of §,~temperature of Q390K steel.

The results show that thickness also has a consider-
able impact on toughness. At a higher temperature, J,,
of thin specimens is larger than that of thick ones.
When the specimens are thick enough, the decrease in
toughness gets slower. &, for specimens of four dif-
fereni thicknesses inclines to the same value as the
temperature drops to —70°C.

Taking &, as the representative of toughness, it can
be concluded that Q390E steel is the best in toughness
and 16Mn steel is better than Q235A steel with the
temperature ranging from 20°C to —70°C.

4.4 Fracture toughness J;¢

Specimens for Jc test were the same as those for
CTOD test. In the experiments, measurements for the-
se two criterions were carried out simultaneously. The
J\c test was conducted in compliance with China na-
tional standard GB2038-91. Variations in J,c with
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temperature is shown in figures 12, 13, and 14.

Apparently, the fracture toughness Jic of all three
structural steels descends as temperature drops. Rela-
tive research illustrated that Jic-temperature curves are
in “S” shape [6]. Due to the limited range of experi-
mental temperature, most curves acquired in this ex-
periment are not in a complete “S” shape. But it can
be observed that the transitional area where Jic varies
rapidly is in the temperature range from 20°C to
-70°C.
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Figure 12 Variation in J;; of Q235A steel with tempera-
ture.
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Figure 13 Variation in Jic of 16Mn steel with temperature.
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Figure 14 Variation in Jic of Q390E steel with tempera-
ture.
The variation of Jic with temperature is different
from &, at the upper platform: Jic of Q235A steel as-
cends as temperature descends. 12 mm specimen of
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Q390E steel also shows the same trend.

Thickness also affects the fracture toughness Jic of
structural steels. As the specimens get thicker, there is
a general trend for Jic to decrease. It can be found
from the figures that the fracture toughness Jic de-
creases very rapidly in some ranges of thickness,
which are 24 mm to 36 mm for Q235A steel, 36 mm
to 48 mm for 16Mn steel and 12 mm to 24 mm for
Q390E steel.

The toughness comparison of three structural steels
leads to a consistent conclusion, no matter which cri-
terion, either CTOD or Jy is adopted. In the tempera-
ture range from 20°C to —70°C, Q390E steel is the
best in toughness and 16Mn steel is the second best
among the three.

5 Discussion

Structural steels are polycrystalline alloys. The
factors influencing their mechanical properties could
be divided to macroscopic part and microscopic part.
The macroscopic factors involve chemical composi-
tion, metallurgical technique, efc. The microscopic
factors involve microstructures, crystal size, dislocati-
on configuration and so on.

The increase and movement of dislocations arouse
yielding. The total resistance to the movement of dis-
locations determines the value of yielding strength.
Structural steels are bce metals, and Peierls-Nabarro
force plays an important role. Peierls-Nabarro force is
a type of short-range force, which is very sensitive to
temperature. Thermal activation is favourable for
overcoming Peierls-Nabarro force, so the yielding
strength of structural steels decreases as temperature
increases.

Recent research showed that fracture toughness is
also related with thermal activation. The fracture
toughness could be divided into two parts; one of
them is relative with thermal activation. Some re-
search [7] for pipeline steel X65 showed that J inte-
gration could be express as follows:

O
J=J, + Aexp(—— 3
exp(nkT 3)

where J, is the constant part of J integration, which is
independent of temperature; A is a factor relevant to
loading speed; Q; is the fracture activation energy; n is
a minus constant; k is Boltzmann constant; 7T is the
temperature, whose unit is K. The equation describes
the variation in toughness of structural steel at low
platform and transition area.

Another research [8] was about the interaction be-

tween the fracture toughness K¢ and strength, which
is shown in the following equation. For the crack tip
opening displacement and J integration is relative with
stress intensity factor, the equation also shows that the
strength and toughness are interrelated as

O,
O-y

Kic =2.90,[exp(—=~1) ~1"? p,"* @
where o0, is the cleavage strength; p, is the radius of
crack tip. Equation (4) is applicable for the situation of
cleavage brittle fracture. It correlates the yield strength
and fracture toughness from transition area to lower
platform.

As temperature increases, the failure mode of steel
transits from brittle fracture to tensile fracture. The
fracture mechanics is composed of shear fracture and
micropore collection, which is the combined result of
deformation and tensile stress. Change of fracture
mechanics brings the variation of fracture toughness
curves at upper parts. The decrease of yield strength
plays an important role in the decrease of fracture
toughness at upper platform.

6 Conclusions

(1) Tensile test showed that the yield strength and
ultimate strength of three structural steels increase as
temperature drops. Q235A steel has the largest in-
crease in yield strength as temperature drops from
20°C to —60°C, which is 25% or so.

(2) The elongation and reduction in area () of the
steels decrease with temperature. The fracture of ten-
sile test is related to three-dimensional tensile stresses
in shrinkage area. The higher reduction in area is, the
better the plasticity is. As the temperature drops from
20°C to —60°C, the decrease of reduction in area is no
more than 10%, and that of elongation is no more than
15%.

(3) The toughness of the steels decreases with tem-
perature. The transitional area of 8, and Jic is located
in a temperature scope of 20°C-(—70°C). The tough-
ness at the upper platform is tens of times of that at the
lower platform. Steel is liable to brittle fracture in the
transitional area because the toughness varies sub-
stantially. Undoubtedly, it is the key scope of tem-
perature for fracture prevention design.

(4) Q390E steel has the best toughness and least
sensitivity to temperature among the three structural
steels. Q235A steel is the worst in toughness, and its
strength, plasticity and toughness is very sensitive to
temperature. 16Mn steel is in-between in mechanical
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properties. From the history of temperature data, the
extreme minimum temperature in China is not lower
that —50°C, so Q390E steel is the most suitable for
steel structures located at freezing areas.

References

11 Y.Q. Wang, YM. Wu, and X.Z. Wang, The calculating
and design methods of fracture strength for elements of
structure under low temperature [J), Low Temperature Ar-
chit. Technol. (in Chinese), 83(2001), No.1, p.3.

(21 GB6397-86, Metallic Materials—Test Pieces for Tensile
Testing (in Chinese) [S], 1986, p.1.

[3] M.E. Shank, Control of Steel Construction to Avoid Brittle
Failure (in Chinese) [M], China Machine Press, Beijing,
1966, p.8.

[4] GB/T 2358-94, Test Method for Crack-tip Opening Dis-
placement Measurement of Metallic Materials (in Chinese)
[S), 1994, p.1.

[S] GB 2038-91, Metallic Materials—Standard Test Method
Jor Ji, a Measure of Ductile Fracture Toughness (in Chi-
nese) [S], 1991, p.1.

[6] 1.Y.Qin, Y.P. Wang, and C.D. Liu, Ductile-brittle transi-

J. Univ. Sci. Technol. Beijing, Vol.11, No.5, Oct 2004

tion temperature characteristic on elasto-plastic fracture
toughness J; of 16MnR Steel [J], PTCA (Part A: Physical
Testing), 36(2000), No.12, p.531.

[71 Y.N.Liu, Y.R. Feng, and X.L. Song, Dynamic fracture of
pipeline steel X65 [J), J. Xi’an Jiaotong Univ. (in Chinese),
35(2001), No.11, p.1171.

(8] D.L. Shu, Mechanical Properties of Metals (in Chinese)
[M], China Machine Press, Beijing, 1987, p.116.

[9]1 Y.Q. Wang, The investigation about brittle fracture of
steel structures under Low temperature [J), Low Tem-
perature Archit. Technol. (in Chinese), 73(1998), No.3,
p.24.

{10] YM. Wu, Y.Q. Wang, X.Z. Wang, et al., Mechnical
properties of structural steel at low temperature [J), Low
Temperature Archit. Technol. (in Chinese), 87(2002),
No.1,p.1.

[11] GB228-87, Metallic Materials—Tensile Testing (in Chi-
nese) [S], 1987, p.1.

[12] Y.Q. Wang, Y.M. Wu, X.Z. Wang, er al., 3-D stress in a
flat slab with a crack in tension and the effect on brittle
fracture [J], J. Tsinghua Univ. (Science and Technology)
(in Chinese), 42(2002), No.6, p.832.



