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ARTICLE INFO ABSTRACT

To improve the strength-toughness of traditional U-rib (TUR) and solve the problem of insufficient pene-
tration between TUR and deckplate, a new local thickened U-rib (LTUR) has been proposed to improve
the fatigue resistance of the weld joint under the premise of not increasing thickness and strength of the
TUR material. And a hot/warm roll-forming process (RFP) adopting partially induction heating to 700 —
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process 1000 °C was carried out to fabricate LTUR. The deformation behaviors in the forming process and micro-
Warm roll-forming structure of LTUR have been investigated. Mechanical properties and fracture mechanism of the LTUR
process after hot/warm RFP have been systematically discussed. Moreover, the results are compared with those

Microstructural evolution obtained in cold RFP. Mechanical properties of the LTUR deformed above the critical transformation tem-

Deformation behavior perature (A ) show high performance characteristics with marked fatigue resistance and superior tough-
ness. Upon increasing the heating temperature from 700 to 900 °C, the initial coarse ferrite-pearlite struc-
ture transform into equiaxed ultrafine ferrite (1—3 um) and precipitates such as (Nb, Ti)(C,N) are uni-
formly distributed in the matrix. The average dislocation density of the specimens after hot roll-forming at
heating temperature of 900 °C decreases dramatically compared with those of the specimens subjected to
the cold RFP. Furthermore, a typical characteristic of ductile fracture mechanism and the high impact en-
ergy are more convinced that the specimens deformed above 900 “C have obtained an optimal combination

of strength and toughness.

1. Introduction

Since the middle of 20th century, the design lev-
el of steel box girder has been matured and the
welding technique has been improved. The ortho-
tropic steel deck system has been widely utilized for
long-span steel bridges requiring light weight struc-
tures owing to its low depth, high strength and
stiffness, easy processing and structural continui-
ty!!". This system consists of deckplate, crossbeams
and U-ribs supporting the deckplate. Generally, the
quantity of U-rib accounts for approximately 25%
of the whole steel required of steel bridge design due
to the high torsional stiffness and bending stiffness
of U-rib'™®!, Furthermore, it can effectively distrib-
ute an applied load on the deckplate. Therefore,
U-rib is widely used in modern orthotropic steel
deck system.

Orthotropic steel deck system belongs to thin-
wall welding structure®. The welded joints between

* Corresponding author. Prof., Ph.D.; Tel.: +86-10-62332752.
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deckplate and U-rib in orthotropic steel deck system
are potentially critical to fatigue failure due to stress
concentration at the end of the weld toe*!. The rea-
son is the negative bending moments produced by
live loads on the deck such as heavy weight trucks.
Li et al. ¥ pointed out that the fatigue cracks had often
developed at welded connections of U-rib because of
the large number of high magnitude axle loads,
which lead to the fatigue life of orthotropic steel
deck less than the designed service lifetime required
by steel box girder. Wolchuk*- suggested that the
U-ribs should not be cut off and fitted between the
floor beams. It is undoubted that transportation
costs will increase and installation procedure will be
more difficult. Xiao et al. "} proposed to increasing
the thickness and/or strength of U-rib material for
reducing stress range and significantly increasing fa-
tigue life of the welded joint. However, these meth-
ods exhibiting superior fatigue resistance have hard-
ly been applied by bridge engineering for the reason
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of high costs. In addition, weight of bridge body
will get greatly heavy if merely increasing the thick-
ness of material.

The real reasons of fatigue cracks are that pene-
tration depth is not sufficient because the welding
process can only be implemented at the lateral side
of U-rib and that the strength-toughness of tradi-
tional U-rib (TUR) material is low. According to
the standards of AASHTO LRFD Bridge Design
Specifications, Fatigue Design Recommendations for
Road of Japanese, Design Specifications for High-
way Bridges of Korean and Eurocode-3, the thick-
ness and the penetration depth of U-rib are required
not less than 8 mm and 80% of U-rib thickness, re-
spectively. For the strength of U-rib material, 345 MPa
grade steel widely used previously, such as SM490B,
A572Gr50 or Q345gD, cannot meet the require-
ments of the development of steel box girder and is
gradually replaced by a higher strength steel.

Studies'*"" on enhancing the strength-toughness
of metal by various methods to control the micro-
structure have been carried out. For high strength
low alloy (HSLA) steel, grain refinement by means
of plastic deformation at high temperature is feasible
for producing excellent strength-toughness materials
without any additive elements'****", Hall and Petch-1¢:"/
have explained the relationship between strength
and average grain size by the Hall-Petch equation.
Park et al. "***] proposed a heavy-reduction single-
pass hot rolling process to enhance strength-tough-
ness while the ductility was retained. They found that
0.2 wt. % carbon steel exhibited a superior combi-
nation between high strength and marked elongation
after the plane-strain compression test above the
critical transformation temperature A.. And the
high-performance 0.2 wt. % carbon steel consisted
of ultrafine or equiaxed fine grains with uniformly
dispersed fine pearlite grains or cementite. The aim
of this work is to present a processing technology
for producing high performance U-rib with the simi-

Fig. 1.

lar above-mentioned microstructure at the edges
without increasing thickness and strength of the
whole TUR material. Moreover, the welding groove
is improved. The microstructural evolution has been
discussed in details via optical microscope (OM), field-
emission scanning electron microscope ( FE-SEM)
and transmission electron microscope (TEM). More
attention is paid to understand the relationship be-
tween mechanical properties and microstructure,
precipitate as well as dislocation.

2. Experimental Procedure

2. 1. Material and process

The investigated material, Q500qD, is a HSLA
steel widely used in bridge engineering. According
to Chinese standard GB/T 714-2008, the parent
steel should have high strength-toughness, weld-
ability and the ability of bearing loads and impact of
vehicle. The chemical composition of the Q500qD
steel is given in Table 1.

To solve the problem of insufficient penetration,
a new U-rib structure is proposed for improving the
fatigue resistance of the weld joint in this work, as
shown in Fig. 1. And a hot/warm roll-forming process
(RFP) model is developed to produce the local
thickned U-rib (LTUR). This process model makes
the microstructure and thickness of the LTUR ed-
ges different from other places instead of increasing
the thickness and/or strength of the total U-rib ma-
terial. Furthermore, the production costs of this
new U-rib are not increased too much by replacing
the traditional milling edges equipment using hot/
warm roll-forming device.

Table 1
Chemical composition of investigated steel (mass% )
C Si Mn P S Ti Nb Al

0.17 0.32 1.33 0.015 0.003 0.02 0.04 0.045
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Schematic diagram of traditional process and hot/warm RFP as well as sizes of TUR and LTUR (unit; mm).
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A hot/warm RFP using induction heating was
performed to produce the LTUR on the self-de-
signed machine, as illustrated in Fig. 2. The experi-
mental procedures used in the hot/warm RFP are
presented in Fig. 3. The critical transformation tem-
peratures A, and A, for Q500gD were calculated to
be 718 and 841 °C, respectively, adopting the empir-

ical formulas of Andrews?". The specimens are
heated to target temperatures of 700 —1000 °C at a
rate of 100 °C/s by using an induction heating sys-
tem after cold bending process. Then, the hot/warm
RFP is performed at a rolling speed of 6.0 m/min
according to requirements of customer. After roll
forming, the specimens are cooled by air cooling.

Heating stage

Forming stage

Fig. 2.
k Hot/warm roll forming
[y puissesfedaanes - - - Expected 4.4: 841°C
2 )
% -------------------- - Expected A: 718 T
-
(=1
=]
¥
=
Air cooling
Time/s -
Fig. 3.  Schematic diagram of experimental procedures in

hot/warm RFP.

2. 2. Mechanical properties testing

To evaluate the comprehensive mechanical proper-
ties of the edge of LTUR specimen, welding area
measurement, flatting test, tensile test, microhard-
ness test and Charpy V-notch impact test were per-
formed. And the results were compared with those of
the TUR and the cold roll-formed LTUR, respec-
tively. The welding process between deckplate and
U-rib applied CO, gas shielded arc welding. A CAD-

software was used to calculate the weld area of the

Loeal thickened U-rib

Prototype of hot/warm RFP for LTUR.

U-rib. Flattening tests were performed to indirectly
indicate fatigue performance of specimen at room
temperature on a universal testing machine of 200 kN
capacity with a cross-head speed of 5.0 mm/min in
accordance with Chinese standard GB/T 2653-2008.
And tensile tests were conducted on the specimens
at room temperature at a strain rate of 1 X107% s7*
according to Chinese standard GB/T 228.1-2010.
Vickers hardness tests were carried out with a load
of 98 N on the basis of Chinese standard GB/T
4340. 1-3009. Due to the size limitation of specimen,
the Charpy V-notch impact specimens were machined
with dimensions of 10 mm X 7.5 mm X 55 mm. An
instrumented impact machine of 450 ] capacity was
used for Charpy impact tests at —20 °C according to
Chinese standard GB/T 229-2007. Fracture surface
characteristics of the broken tensile specimens after
the tensile test were analyzed to achieve a better un-
derstanding of microscopic fracture mechanism.

2. 3. Microstructure observation

The edges of specimens of cold, warm and hot
RFP were etched in 4 vol. % nital solution after me-
chanical polishing, and the microstructures were ob-
served by OM and FE-SEM. For further microstruc-
ture analysis, TEM observation was carried out using a

FEI Tecnai G2 F20 TEM operated at 200 kV to ob-
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dislocation and precipitates
(size, morphology and quantity). In addition, posi-
tron annihilation technique (PAT) was performed to
analyze the variation in dislocation density of the
U-rib edge. Positron source is *? Na. The roll-formed
specimens were machined into square plates of 20 mm X
20 mm, and the thickness was less than 1 mm after
gently grinding of both sides in PAT test.

serve microstructure,

3. Results and Discussion

3. 1. Mechanical properties

Fig. 4 gives the welding results. The effective
welding areas of the TUR and the LTUR calculated
by AutoCAD software are 24. 85 and 66. 80 mm?, re-
spectively. The effective welding area of the LTUR has
increased to 2. 45 times than that of the TUR. The
thickness of U-rib partially thickened by hot/warm
RFP actually became thicker than 8 mm. This means
that the welding penetration, which has a great sig-
nificant effect on the weld quality?’', becomes dee-
per. Thus, the hot/warm RFP can availably enhance
welding penetration of the LTUR and improve fa-
tigue resistance of the weld joint.

Fig. 4. Welding area of TUR (a) and LTUR (b).
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Fig. 5 shows the loading model and the results of
flattening tests for the cold, warm and hot roll-formed
U-rib and the TUR. In the case of cold roll-formed
LTUR, fatigue failure occurred early, and the value
of compressive displacement was only 27.5 mm as
seen in Fig. 5. It can also be seen that the load capac-
ity has slightly decreased to less than 15 mm, which
was caused by stress concentration during cold RFP.
For the TUR and warm roll-formed LTUR, the
yield occurred at 31.5 and 42.1 mm, respectively.
Additionally, the specimen roll-formed at 700 °C can
bear larger loading force than the traditional speci-
men. When the temperature of hot RFP was above
900 °C, the yield did not occur again. However, the
maximum loading capacity declined at 1000 °C indi-
cated by the pink line in Fig. 5.

Fig. 6 shows the sampling position of tensile and
impact specimens and the curves of mechanical prop-
erties with different roll forming temperatures. The
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Fig. 5.  Curves of {lattening test of LTUR roll-formed at 25,

700, 900 and 1000 °C as well as TUR.
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Fig. 6.

tensile test results of the raw material indicated that
tensile strength was 620 MPa and the total elonga-
tion was 27. 7% . Compared with raw steel, the cold
roll-formed specimen exhibited severe cold-harden-
ing, which decreased the elongation value to 12. 7%
and increased the hardness value to 266 HV, 4. The
pinning effect caused by the increasing dislocation is

Curves of mechanical properties versus different roll-forming temperatures.

the foremost factor in work hardening. When the
forming temperatures were 700 and 800 °C, the im-
provement of hardness value was mainly attributed
to dynamic recovery and diffusion creep, with hard-
ness value being 219 HVy 05 and 173 HV g5, re-
spectively. Although the elongation can be increased
when warm roll-forming is adopted, the tensile
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strength value is decreased to 532 and 509 MPa, re-
spectively. However, when the roll-forming temper-
ature is above 900 °C, the tensile strength, yield
strength and Vickers hardness values were slightly
higher than those of the raw material.

The results of Charpy impact test in Fig. 6(b) are
75% of the value of standard specimen due to the
size limitation of specimen. It can be seen that the
roll-forming temperatures have a great influence on
toughness of the specimen. When roll-forming at
ambient temperature, impact energy dropped dra-
matically due to lots of tangled and pinned disloca-
tions. At warm roll-forming temperature, impact
energy got improved thanks to stress relief as well
as disappearing of partial dislocations.

3. 2. Microstructural evolution

The photographs obtained by OM, FE-SEM and
TEM in Figs. 7 — 9 show microstructural evolution
in the specimens after the various RFP. In Fig.7
(a), the as-received steel consists of ferrite-pearlite
structures with an average ferrite grain size of ap-

Fine cementite

Fig. 7.
800 °C (d), 900 °C (e) and 1000 °C (f).

: ,\ ¢
| Fine cementite {§

Fig. 8.

proximately 31 pm. Figs. 7(b) and 8(a) show that
the grains subjected to cold RFP are elongated, and
the grain size is smaller than the original average
grain size. On the other hand, twins can be seen in
Fig. 9(a). Twinning is one of the major deformation
mechanisms in alloy steel, especially with low stac-
king fault energy, and at low deformation tempera-
tures and high strain rates'?'. The microstructural
component after roll-forming at heating tempera-
tures of 700 and 800 °C is fine grains (8 —10 pm)
and uniformly distributed a bit of cementite as given
in Figs. 7(c,d) and 8(b). The initial coarse ferrite-
pearlite structure transformed into equiaxed ultra-
fine (1—3 pum) and finely dispersed pearlite or ce-
mentite structures in the matrix, and the ferrite
grains were greatly refined after hot RFP at heating
temperatures of 900 and 1000 °C above A 4 as seen in
Figs. 7(e,f), 8(c) and 9(b). This result is in good
agreement with the conclusion!™®'*-2*2!] that grain
size became immensely decreased by the strain-in-
duced transformation (v-a) in various steels during
thermo-mechanical treatment near A or A 5.

Fine cementite

Microstructures of deformation zone of LTUR roll-formed at as-received steel (a), 25 °C (b), 700 °C (c¢),

] G
F Fine pearlite cementite

FE-SEM micrographs of specimens subjected to RFP at temperatures of 25 °C (a), 700 °C (b) and 900 °C (c).
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Fig. 9.

Fig. 10 shows TEM micrographs of precipitates in spec-
imens roll-formed at temperatures of 900 and 1000 °C.
It is obvious that the amount of precipitates increa-
ses and they are more uniformly distributed with in-
creasing the temperature. The sizes of these circular
or elliptical precipitated particles range from 5 to 10 nm.
The EDX analysis in Fig. 10 (¢) shows that these
particles are precipitates of (Nb,Ti)(C,N). Because
the heating and holding time was short so that pre-
cipitations had no time to grow up. This kind of pre-

Fig. 10.
EDX analysis of precipitates (c).

3. 3. Dislocation investigation

Fig. 11 presents the dislocation morphology of
specimens experienced in RFP at temperatures of
25, 700 and 900 °C. Fig. 12 gives the values of dislo-
cation density under different RFP as well as the
raw material acquired by PAT. From Fig. 11(a), it
can be observed that dislocations mostly exist in
form of dislocation package distributed in ferrite ma-
trix or near grain boundaries. And the value of dislo-
cation density of specimens at forming temperature
of 25 °C is obviously higher than those of specimens
at forming temperatures of 700 and 900 °C as shown

Twins and equiaxed ferrite of specimens during RFP at temperatures of 25 °C (a) and 900 °C (b).

cipitated particles formed in ferrite grains. Guo et
al. ‘%! thought that these precipitates with sizes be-
tween 10— 30 nm or even much smaller mainly con-
tributed to precipitation strengthening, work hard-
ening rate and microstructural stability. Carbide pre-
cipitation of Nb or Ti could give rise to toughness
increasing at hot forming process of alloy steelt®,
This is the reason that strength and toughness fur-
ther improved at forming temperatures of 900 and
1000 °C in Fig. 6.

= Aquire EDX
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Si 4.82

Ti 16.74

Mn 529

Fe 64.21

Nb 8.04

Total 100

Nb Fe
Nb oy M .
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TEM micrographs of precipitates in specimens treated by RFP at temperatures of 900 °C (a) and 1000 °C (b) and

in Fig. 12. The average dislocation density of speci-
men by cold roll-forming was 7. 13X 10" m™%, while
the as-received steel was just 4.13 X 10" m ?*. Al-
though high dislocation density can enhance the
strength of material, the plasticity and toughness de-
creased dramatically as seen in Fig. 6. At 700 °C, the
recovery including vacancy escape and ferrite poly-
gon plays a great role in decreasing dislocation den-
sity. When roll-formed at 900 °C, dislocation density
shows a sudden drop in Fig. 12, which is related to
stress release in the hot RFP of recovery and recrys-
tallization. Irvine and Baker™! thought that partial
dislocation generated in the plastic deformation process
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Fig. 11.
and 900 °C (c).
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Fig. 12.  Dislocation density under different RFP.
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(a) 25 °C;
Fig. 13.

ples reveal ductile fracture, covering the surface of
each grain. In Fig. 13(b), the number of cleavages is
decreased and the dimples become more and deeper
when the deformation temperature increases from 25
to 700 °C, which indicates ductile fracture with dim-
ples of various sizes (1—10 pm). The different sizes
dimples correspond to various void-nucleating mech-
anisms on the fracture surface. The small dimples
mainly originate from fine carbonitride particles pre-
cipitated in the matrix. Due to the low bonding force
between the fine precipitated phases and the rela-
tively soft matrix, the micro-voids readily form in
the interfaces during tensile text. On the other

(b) 700 °C;
Fractographs of roll-formed specimens after tensile test.

Dislocation morphology evolution of specimens experienced to RFP at temperatures of 25 °C (a), 700 °C (b)

would disappear due to dislocation cross-slip and climb
at high temperature deformation. And they found
that the dislocation density decreased from 8 X 10%3
m ™% to 5X 10" m~? when the finish rolling tempera-
ture increased from 700 to 800 °C.

3. 4. Fractography

Fig. 13 shows scanning electron fractographs of the
roll-formed specimens, which were taken to study
the microscopic fracture mechanism of the speci-
mens after the tensile test. As seen in Fig. 13(a),
which gives the fractographs of the cold roll-formed
specimens,
10 pm represent brittle fracture, and numerous dim-

facet fractures or cleavages of more than

8o mmpxe

!-_\/

(¢) 900 °C.

hand, the large dimples mainly result from inclusion
particles. The micro-cleavage fractures in Fig. 13(c)
and the deep dimples with a diameter of about 10 pm
can be locally seen in a matrix of dimples of less
than 2 um in diameter, which is commensurate with
the high strength-toughness in Fig. 6 obtained by
mechanical performance testing.

4. Conclusions
(1) Compared with the TUR, the LTUR had

distinctly improved welding penetration. Concerning
the fatigue resistance and strength-toughness, the
cold roll-formed LTUR was more sensitive to the fa-
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tigue test and Charpy V-notch impact test, while
the LTUR after hot RFP achieved high mechanical
properties. The characteristic of ductile fracture and
high impact energy were more convinced that the
specimen after hot RFP obtained an optimal combi-
nation of strength and toughness.

(2) The initial coarse ferrite-pearlite structure of
raw material transformed into equiaxed ultrafine fer-
rite (1—3 pm) and finely pearlite and cementite struc-
tures dispersed in the ferrite matrix, and the ferrite
grains were greatly refined after hot RFP at heating
temperatures of 900 and 1000 °C. A large number of
finely dispersed carbonitride precipitates got the
toughness further improved.

(3) The reduction of dislocation density of inves-
tigated steel after hot roll-forming weakened the
trend of dislocation pile-up and internal stress con-
centration due to dislocation cross-slip and climb at
elevated temperature deformation, which are benefi-
cial for toughness.
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