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Abstract

A 428SiCr experimental steel was heat-treated by the quenching and partitioning (Q&P) heat treatment to achieve a combination
of high strength and ductility. The associated microstructure is characterized in literature by finely distributed martensite laths
with a small volume fraction of retained austenite embedded. The goal of this work is to provide a comprehensive characteri-
zation of the mechanical properties of all subzones in the heat-affected zone (HAZ) of welded 42SiCr-Q&P steel. Dedicated
microspecimens were subjected to a specifically selected thermal cycle in a dilatometer and characterized by mechanical testing
and microstructural assessment. One specimen series is dedicated to the assessment of the mechanical properties of the material
after welding; another four specimen series represent some carefully selected strategies to mitigate adverse effects of welding.
Tensile testing revealed a decrease in yield strength in the HAZ by up to 35%. The ductility of the material showed inverse
behavior. Material in the supercritical zone shows >2000 MPa of ultimate strength, but at the same time is very brittle. The most
remarkable result showed that the embrittlement in the supercritical zone can be successfully mitigated by holding the material
at temperatures in the range of 200-250 °C for 5 min upon cooling, resulting in a yield strength of around 1400 MPa along with
a ductility of > 10%, restoring the desired property combination. This very promising observation suggests fusion welding of
428SiCr-Q&P might be possible by means of preheating, maintaining the superior mechanical properties of Q&P in the weld.

Keywords Quenching and partitioning - 42SiCr - HAZ - Welding - Tensile strength - Fracture strain - Hardness

1 Introduction

Since the first description of the quenching and partition-
ing (Q&P) treatment by [1, 2], this material concept has
evolved into commercially available 3™ generation advanced
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high strength steels [3], being first commercialized as QP980
by Baosteel in 2012 [4]. The goal of the Q&P heat treat-
ment is to achieve a microstructure consisting of finely
dispersed martensite laths with embedded retained austen-
ite in between [5]. While the martensite contributes to the
remarkable strength of the material, the embedded austen-
ite provides improved ductility during plastic deformation
[6, 7]. De Moor et al. [8] reported that the austenitic phase
exhibits the TRIP effect during deformation; this was later
confirmed by [9]. [10] measured a significant volume frac-
tion of retained austenite in Q&P steel, but still stated that
its distribution cannot be determined by light microscopy
or electron beam microscopy as it is presumed as very thin
foil-like particles. Ariza-Echeverri et al. [9] later confirmed
this assumption.

While commercial Q&P steels are available with yield
strengths of about 1000 MPa [4, 11] along with about 13%
strain to fracture, laboratory data suggests that the true
potential of this material group has not been industrialized
yet. The experimental steel 42SiCr first introduced by Masek
et al. [12] with different Q&P routines applied to it provided
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excellent results. Data provided by Jirkova et al. [10] on
42SiCr shows that up to 2000 MPa tensile strength are pos-
sible, while simultaneously providing up to 20% strain to
fracture. Especially the combination of strength and ductility
is yet unmatched by existing steel grades and provides far
superior energy absorption during deformation as well as
robustness against local overloading by means of local plas-
ticity. Figure 1 depicts the potential of 42SiCr in comparison
to existing automotive steels. Cerny et al. [13] also reported
an excellent fatigue strength of 42SiCr with Q&P treatment.
Q&P thermal parameters yielding more retained austenite
provide better fatigue performance [14]. The Q&P routine
can be readily implemented in existing press-hardening lines
[15, 16], or integrated into forming lines [17].

Somani et al. [18] mentioned the formation of bainite in
Q&P steels and pointed out that the final fraction of retained
austenite varies in a complex manner depending on thermal
profiles and metallurgical prerequisites. By means of dilato-
metric experiments, Jenicek et al. [19] measured significant
bainitic transformation during the partitioning phase. The
more pronounced the bainite formation was, the higher
the partitioning temperature was. The chromium content
of 42SiCr is necessary to obtain ferrite-free martensite, as
reported by Jirkova et al. [20]. The yield strength of 42SiCr
is decreased, as the prior austenite grain size increases [21],
although within certain limits, the mechanical properties of
42SiCr can be tailored by selection of the thermal param-
eters in the Q&P process [22]. Recent developments employ
machine learning models on the prediction of Q&P proper-
ties [23]. A commercial steel AISI4340 recently was suc-
cessfully Q&P heat-treated to obtain a yield point of about
1500 MPa along with 12% elongation to fracture [24].

One challenge that always must be met by new steel
grades is a sufficient weldability under industrial conditions.
While comprehensive data on fusion welding of commercial
Q&P grades exists, only few works elaborate on welding
results on more advanced laboratory Q&P grades.

Wang et al. [25] reported increased hardness due to the
formation of martensite in the HAZ of spot-welded Q&P
steel. Spena et al. [26] later attributed interfacial failure
mode of spot-welded Q&P to this martensite. The first more
detailed work on laser welding of 42SiCr with Q&P was pre-
sented by Pekovic et al. [27]. A maximal hardness up to 700
HV1 in the molten zone as well as softening to about 400
HV1 in the HAZ was reported. Nadimi et al. [28] determined
that the softening effect in the HAZ below A, is inversely
proportional to the prior martensite volume fraction in the
base metal. In spot welding of commercial QP980, the fail-
ure mode was successfully improved by [29, 30] by means
of the reheating effect of a second current pulse. Process
parameter windows to spot-weld commercial Q&P steel are
similar to existing dual-phase steel [31]. Induction weld-
ing of pipes made of 42SiCr is reported by Kroll et al. [32]
wherein the Q&P treatment was performed after the weld-
ing process. The Q&P properties could be fully restored in
the welded region of the pipes. Previous work [33] showed
that the dilatometer is capable of accurately representing
the thermal cycles of actual welding processes. Later, Xue
et al. [34] employed a gleeble apparatus to produce samples
of individual HAZ subzones on laser-welded commercial
QP980.

Summarized, a major research gap, which is addressed
by this work, exists in literature: There is no data available
on yield and ultimate strength and strain to fracture in the
relevant subzones of the heat-affected zone (HAZ) of fusion
welds performed on Q&P-treated 42SiCr steel. Previous
work only elaborated on hardness in the HAZ [33]. Fur-
thermore, no attempts have been made to mitigate adverse
microstructural conversions at welds on the material. This
work includes a first insight into the results of welding heat
management strategies on this Q&P steel, such as anneal-
ing, preheating, and preheating along with post-weld
reheating in context to the fusion welding thermal cycle.
Data on the mechanical performance of the material after
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Table 1 Composition and

. . Element C Si Cr Mn Fe CEV
carbon equivalent of 42SiCr
steel used in this work wt% 0.42 2.0 13 0.68 bal. 0.82
Table 2 Martensitic conversion Ms MF The sheets were cut to smaller rectangular strips by a water
temperatures of 42SiCr [20] jet, whose midsection was then heat-treated to the spe-
°C 298 178

those treatments is being presented as well. As 42SiCr is not
commercially available yet, raw material is scarce and filler
materials not available at all. Therefore, all the experiments
of this work have been carried out in a thermo-mechanical
simulation apparatus, a dilatometer.

2 Materials and methods
2.1 Material preparation and characterization

The material 42SiCr was delivered as hot-rolled sheet metal
strips. Only a small batch of raw material was available, as
it is not commercially produced yet, which resulted in the
size of the specimens used in this work being as small as
possible, and specimen numbers to be very carefully selected
for each experiment. The chemical composition along with
the calculated carbon equivalent according to IIW - CEV -is
listed in Table 1 [20] determined martensitic conversion in
42SiCr to start at 298 °C, cf. Table 2.

Figure 6(a) shows an optical micrograph of the perlitic-
ferritic microstructure of 42SiCr in as-delivered state, with
the white areas being the ferrite and the darker areas being
the perlite. Thermodynamic equilibrium calculations using
the software MatCalc version 5.62 (rel 1.006) and the data-
base mc_fe_2.059.tdb confirm the observed perlitic-ferritic
microstructure in the as received sheet material. Sheet metal
specimens for tensile testing were fabricated as follows: Raw
material of 1.5 mm thickness was heat-treated using the QP
routine described in the “Thermal cycle” section by using a
heated press for quenching and a lab oven for partitioning.

Fig.2 42SiCr sheet metal speci-
men and its major dimensions,
specimen prepared for tensile
testing with laser-welded clamp
tabs

cific thermal cycle in the dilatometer. After dilatometer
heat treatment, the specimens were machined to the final
tailored contour using wire erosion and fine-ground from
both sides to the final thickness of 0.9 mm. The grinding
was also employed to remove a decarburized layer from the
specimens, cf. [33] for details. In order to be able to perform
tensile tests, additional clamping tabs of mild steel were
laser-welded to the small QP specimens using nickel-based
filler material. Figure 2 depicts a prepared specimen and its
major dimensions right before the tensile test. The specimen
geometry was selected based on a suggestion made by Prof.
Bohuslav Masek, the author of [12].

Additional, cylindrical specimens of 5 mm diameter and
10 mm length were milled from a single material piece of
10 mm thickness. These specimens underwent most of the
investigated thermal cycles in the dilatometer. They were
used to measure the dilatation of the material due to micro-
structural conversions, and obtain light microscopic images
on microsections, both of which could not be obtained on the
tensile samples. Tensile tests according to ISO 6892 - 1 were
performed on a Zwick-Roell universal testing machine, while
the strain of the specimen was monitored with a video-exten-
siometer using a GOM Aramis camera system. To enable the
optical strain measurement, each specimen was coated with
a special contrasting spray right before the tensile test began.
Out of the tested pool, the more ductile specimen ruptured in
the parallel testing length, the less ductile specimen tended
to rupture at the ends of the parallel length. Due to the opti-
cal strain measurement, valid strain data was obtained in
both cases. Microstructural investigations were carried out
after employing standard metallographic practices (grinding,
polishing, and etching). For light-optical microscopy, a Zeiss
Axiovert 200 MAT microscope was used, while hardness
measurements were conducted using a Struers DuraScan 70.
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2.2 Thermal cycle

All specimens in this work were subject to two thermal
cycles: quenching and partitioning followed by a cycle
to generate the heat-affected zone, which would have
resulted from welding. Both cycles were applied to the
specimens using a Baehr dilatometer DIL805 A/D. Q&P
was immediately followed by the welding thermal cycle
without removing the individual specimen from the dilato-
meter. Raw material after Q&P treatment in the following
is noted as 42SiCr+QP. Welding thermal cycles following
the Q&P cycle had two main goals, the first goal being
the characterization of strength and ductility of the HAZ.
The second goal was to explore possible thermal cycle

modifications to mitigate formation of microstructures
being overly brittle or overly softened. The temperature
profiles below represent measured data.

2.2.1 Quenching and partitioning

The Q&P heat treatment consisted of heating up of the
sample to 950 °C and holding for 150 s followed by
quenching the sample to 200 °C with a cooling rate of 40
K/s. The sample was then partitioned at 250 °C for 300 s
before it was cooled down to room temperature, cf. Fig. 3
(a). The schedule is oriented on schedule 2 published in
[15] and was used in [33] before.

Fig.3 Thermal cycles used: a) b)
a quenching and partition-
ing; b HAZ thermal cycles, " 150 s 12001
measured data; ¢ annealing of 51 l950°C 1000+
428iCr+QP, 300 s dwell time & ©
depicted; d brief reheating from 2] : © 800
250 to 350 °C during cooling € é” 2 =
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2.2.2 Heat-affected zone

HAZ simulation was performed for peak temperatures from
300 to 1200 °C in steps of 100 °C, with 3 specimens per
temperature, cf. Fig. 3 (b). Heating to peak temperature was
performed with 1 kK/s; then, the temperature was held for
4 s, followed by cooling according to Newton’s cooling law.
The cooling speed was set based on the time between 800
and 500 °C (t8/5) as shown in Table 3.

For specimens not reaching 800 °C, the cooling curve
was computed according to Newton’s law considering a fic-
tive t8/5. Specimens below 800 °C peak temperature showed
some overshooting in the heating phase, while specimens
with peak temperature of 800 °C or more show a distin-
guished kink in the cooling curve resulting from martensitic
conversion. Both deviations are attributed to imperfections
of the apparatus’ temperature controller mechanism. In a
previous work [33], it was shown that neither dwell time nor
heating/cooling rates have significant effects on HAZ prop-
erties of 42SiCr+QP. Consequently, in this work, only one
representative welding cycle with heating rates and dwell
times as described was simulated. The approach conformed
well with the scarcity of the raw material.

2.2.3 Annealing

An annealing thermal cycle was applied in order to inves-
tigate the susceptibility of the material in the Q&P state
to softening due to heating. Only temperatures below A,
namely from 300 to 700 °C in steps of 100 °C, were investi-
gated in order to avoid diffusionless lattice transformations.
The heat-up was done with 1 kK/s; the dwell time at anneal-
ing temperature was varied in two stages, 150 s and 300 s.
Figure 3 (c) shows measured data of the thermal cycle.

The goal of the annealing cycle was to determine which
effect pre- or post-heating of 42SiCr in conjunction with
welding may have on the material properties. This informa-
tion is also relevant in order to estimate the effect of low
temperature dwell times in the HAZ being much longer than
previously investigated.

2.2.4 Reheating pulse

Other than the annealing thermal cycle, this cycle focuses
on the portions of the HAZ surpassing A_;, thus at least

cl»

Table 3 Cooling rate

Peak temperature/°C ~ tg5/ s
parameters for HAZ

300 — 600 12

700 8

800 — 1000 4.5

1100 - 1200 4

partially transforming from the austenitic phase upon cool-
ing. The reheating pulse is characterized by a HAZ cycle as
described before, whose cooling branch is interrupted at 250
°C by a very brief reheating to 350 °C, and then continu-
ing the cooling process, cf. Fig. 3 (d). The superordinated
goal of the pulse cycle was to avoid formation of brittle,
purely martensitic microstructures in the transformed areas
of the HAZ. The pulse had fusion welding processes such
as laser and resistance spot welding in mind, where a very
brief reheating is technically easy to implement. The pulse
aimed at mimicing the Q&P cycle a bit by interrupting the
formation of martensite during cooling.

2.2.5 Interrupted cooling at 250 °C after welding

This cycle focuses on the portions of the HAZ surpassing
A, and countering their brittleness as well. After complet-
ing the HAZ cycle as described before, the cooling branch
once again is interrupted at 250 °C, this time holding 250 °C
for 300 s, cf. Fig. 3 (e) for a depiction of measured data. The
approach was colloquially named “Catch ‘n Hold” by the
authors and will be denoted this way in the following. The
idea of this cycle was simple: interrupt cooling roughly in
the middle between martensite start and finish temperature,
cf. Table 2, and then hold the temperature long enough to
allow for diffusion-driven effects, i.e., the stabilization of
retained austenite by carbon diffusion. From the technologi-
cal point of view, this cycle would be easy to implement by
means of preheating before fusion welding.

2.2.6 Interrupted cooling at various temperatures
after welding

This cycle is related to the Catch ‘n Hold cycle previously
described, the only difference being the temperature at
which the cooling phase is interrupted, cf. Fig. 3 (f). Again,
the goal was to counter brittle martensitic microstructures
in the HAZ. The experiments were aimed to give insight
into three strategies: interruption of cooling at 350 °C, just
before martensitic transformation to commence and investi-
gate the resulting microstructure. Second, putting the dwell
temperature of 200 °C closer to martensite finish tempera-
ture to vary the martensite content compared to the previous
experiment. Third, interrupt cooling at 120 °C, right below
martensite finish temperature, and investigate the resulting
microstructure.

3 Results and discussion
Based on the dilatation curves measured in this work, the

transition temperatures were determined to be at 790 °C
and 826 °C respectively, while the martensitic conversion
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Table 4 Conversion A A
tem f 42SiC ol <3
peratures o iCr,

measured °C 790 826

Table 5 Mechanical properties of 42SiCr+QP used in this work
HHVI  Ry,/MPa  R,/MPa  AJ%  Al%

Value 579 1290 1938 4,7 104

SD 10.2 102 21 0.26 0.75

iy
e

N
-
9]
3

Fig.4 Specimen after tensile testing; left, HAZ 1100 °C peak tem-
perature; right, Catch and Hold at 350 °C for 300 s; specimen width
was reduced by 31.7% due to necking on the sample shown

temperatures given by Jirkova et al. [20] were confirmed,
cf. Table 4.

The microstructure of 42SiCr+Qp, as depicted in Fig. 6
(b), shows a very fine-grained martensitic matrix, presum-
ably with finely distributed retained austenite. The latter
was not detectable with the investigation methods used

in this work, but was measured by Mehner et al. [35] on
the same alloy. Tensile testing of 42SiCr+QP determined
the ultimate tensile strength to be 1938 MPa along with an
elongation at fracture of 10.4%. Hardness and yield strength
were more moderate, amounting to 579 HV1 and 1290 MPa,
respectively, cf. Table 5. The distinct hardening during plas-
tic deformation suggests deformation induced martensitic
transformation of retained austenite.

The combination of strength and ductility of 42SiCr is
outstanding. The work absorbed during deformation can
be roughly characterized by the product of ultimate tensile
strength and elongation at rupture, i.e., a measure for the
surface area under the stress-strain curve. Compared to the
widely used press-hardening steel 22MnBS5, 42SiCr+QP has
30% more ultimate tensile strength, but absorbs about double
the amount of energy during deformation. Figure 4 gives an
exemplary insight into the fracture behavior of the samples
tested. The left one fractured very brittle without noticeable
necking, while the right one exhibits significant necking.

3.1 HAZ properties

Mechanical properties of the HAZ of welded 42SiCr+QP
are presented in Fig. 5. Starting from the base material prop-
erties, the material softens with increasing peak temperature
up to a minimal yield strength of 847 MPa at 800 °C. Uni-
form elongation and elongation to fracture increase slightly
to 6.8% and 13.4% respectively at 500 °C peak temperature,
to decline again a few percent up to 700 °C. At 800 °C peak
temperature, A is only very slightly larger than Ag, indicat-
ing loss of the ability to exhibit deformation hardening. Fur-
ther increasing peak temperatures, i.e., peak temperatures
above A_;, results in increased yield strength of about 1700
MPa along with a very brittle fracture behavior characterized

+Ag-
—eo—A (15

I
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Fig.5 Mechanical properties in 2500 -+
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Fig.6 a Microstructure of

the as received 42 CrSi steel.
Etched with 2%-Nital; micro-
structure of 42SiCr+QP after
the 1000 °C cycle. b Micro-
structure of 42SiCr+QP. ¢
Microstructure of 42SiCr+QP
after the 500 °C cycle. d Micro-
structure of 42SiCr+QP after
the 800 °C cycle; darker areas,
preserved Q&P; brighter areas,
freshly formed martensite. e
Microstructure of 42SiCr+QP
after the 1000 °C cycle. f
Microstructure of 42SiCr+QP
annealed at 700 °C for 300 s

by about 3% elongation to fracture. A hardness of about 700
HV1 was measured in this zone.

Microstructural images were made to better interpret the
data recorded. From 300 to 700 °C peak temperature, the
Q&P microstructure is still present, as shown for 500 °C in
Fig. 6 (c). This changes abruptly at 800 °C, cf. Fig. 6 (d).
In the darker colored parts of the sample, the original Q&P
microstructure was still visible, while the brighter colored
areas indicate freshly formed martensite. As 800 °C is in the
intercritical zone between A, and A 3, slight differences in
peak temperature will result in significant changes in the
volume of the microstructure that actually transforms. In
turn, a mixed microstructure composed of Q&P and mar-
tensite, with a composition depending strongly on the exact
peak temperature, is formed. This rationalizes the increased
standard deviation in ultimate tensile strength, uniform elon-
gation, and elongation to fracture measured at the 800 °C

samples. Specimens heated above 800 °C can be character-
ized to consist of inhomogeneous martensite as expected,
cf. Fig. 6 (e). The grain size of the prior austenite grains
increases with increasing peak temperature, as microsec-
tions showed.

3.2 Heat treatment of the HAZ
3.2.1 The effect of annealing

With increasing annealing temperature, the tensile strength
of 42SiCr+QP decreases, up to a minimum yield point of
924 MPa after 700 °C annealing, along with a maximum
elongation to fracture of almost 15%. Figure 7 depicts the
data. The softening effect is more pronounced at tempera-
tures above 500 °C; up to that point, the annealing effect
lowers the ultimate tensile strength by only 20%, while
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Fig.7 Mechanical properties of 2000 -+
annealed 42SiCr+QP —m— 150 s
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leaving the elongation nearly unaffected. Softening of the
Q&P microstructure is attributed to tempering of the mar-
tensitic portion of the Q&P structure. The longer dwell times
of the annealing cycle stabilize the measured properties con-
trary to the HAZ cycle, especially at higher temperatures.
Light microscopy of the annealed specimens showed the
original Q&P microstructure preserved, as shown in Fig. 6
(f) on the 700 °C specimen.

3.2.2 Effect of pulse reheating during cooling

Figure 8 shows the mechanical properties of 42SiCr+QP,
whose cooling after welding was interrupted by a reheating
pulse, in comparison to the original HAZ properties pre-
sented in the “HAZ properties” section. While the pulse has
a negligible effect at 800 °C, it lowers tensile strength and
increases elongation of the HAZ significantly at and above
900 °C. The original Q&P properties are almost restored. It
has to be noted that at 1000 °C peak, only two, and at 1200

Annealing Temperature

°C only one specimen was tested; the increased standard
deviation of the elongation at 1000 °C is attributed to this
fact. We seem to see martensite in the light microscopic
microsection in Fig. 11 (a), but the tensile strength values
and elongation at fracture stand in a stark contrast to this
observation. It is not yet clear how the reheating impulse
influences the dynamics of microstructure evolution.

3.2.3 Effect of interrupted cooling after welding

Analog to the previous section, mechanical properties of
42SiCr+QP with interrupted cooling at 250 °C according to
the Catch ‘n Hold thermal cycle are presented in Fig. 9. Sim-
ilar to the reheating pulse, at 800 °C, the effect is negligible.
At 900 °C and above, Catch ‘n Hold lowers the yield point
to about 1300 MPa and increases the uniform elongation to
about 4.5%, greatly improving the properties of the HAZ.
The standard deviation of the results tends to be smaller than

Fig.8 Mechanical properties in 2500 -~ e PBnN o .
the HAZ of welded 42SiCr+QP =—Rp0,2 -u- Ag
with brief reheating from 250 —e— Rm - A [}15
to 350 °C during cooling after B —onl one specimen testedD)
welding ® 2000 ® @ ® y I
o S Te o4
= 10 ~
N £
2 1500 - F- /\ / g
|
3 p—— SRS
) ~m N —— 5
1000
e HAZ
I I I L | I I 0
800 1000 1200 800 1000 1200
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that of the pulse reheat approach, but this would need to be
assured by a larger number of specimens.

The microstructure of the samples produced with Catch
‘n Hold is disputed, as it shows features of both the Q&P-
microstructure and martensite as well. This is shown in
Fig. 11(b) for a 1000 °C peak sample, and in Fig. 11(c) for
one with 1200 °C peak temperature. The composition of the
samples could not be determined for sure with the inves-
tigations performed, but a composition of martensite and
retained austenite and/or bainite is probable. In Fig. 11(c),
the enlarged prior austenite grains compared to the 1000
°C sample due to the increased peak temperature are vis-
ible. This seems to correspond to the slightly lowered tensile
strength and ductility at higher peak temperatures.

Further experiments gave more insight into the role of
the catch temperature; the result is displayed in Fig. 10 in
comparison to the 42SiCr+QP base material and the brittle
HAZ. With increasing catch temperature, the yield point
is lowered from 1584 MPa at 120 °C to 1131 MPa at 350

Fig. 10 Mechanical proper-
ties in the HAZ of welded
42SiCr+QP, cooling after
welding interrupted for 300 s at
various temperatures

Stress / MPa

Peak Temperature

°C respectively while the uniform elongation significantly
increases from 1.5 to 5.7%. Although the relative difference
between 120 and 200 °C in terms of elongation is the largest,
the respective tensile strengths differ only slightly.

So far, the data shows that the mechanical properties
of 42SiCr+QP can be almost restored, when cooling after
welding from above A_; is interrupted between 200 and
350 °C and the catching temperature is then held for 300 s.
Higher catching temperatures result in softer, more ductile
microstructures.

Light microscopic images of the microstructures further
enhance the evaluation, cf. Fig. 11(d) to (f). The sample
caught at 120 °C shows typical martensitic laths similar to
those in Fig. 6 (e) although the etching is different. This
observation is also supported by the mechanical perfor-
mance. The 350 °C sample in Fig. 11(f) shows a very differ-
ent microstructure whose composition is not yet ascertained.
From a thermodynamic point of view, a mixture of bainite,
martensite, and retained austenite is probable, but this could

@ Springer



Welding in the World

Fig. 11 Microstructure of
42SiCr+QP after a 1000 °C
HAZ cycle followed by brief
reheating to 350 °C, b 1000 °C
HAZ cycle followed by holding
at 250 °C for 300 s; ¢ 1200 °C
HAZ cycle followed by holding
at 250 °C for 300 s; d 1000 °C
HAZ cycle followed by holding
at 120 °C for 300 s; e 1000 °C
HAZ cycle followed by holding
at 200 °C for 300 s; £ 1000 °C
HAZ cycle followed by holding
at 350 °C for 300 s

not be assured via light optical microscopy. On the 200 °C
sample in Fig. 11(e), a microstructure with features of both
the 120 °C and the 350 °C sample is visible. The major area
of the microsection seems to be martensitic, while some
areas show more fine-grained features as in the 350 °C or
the Q&P base material sample. Martensite predominates.

4 Summary and discussion

It became clear that much of the microstructural evolution
dynamics in the welding of Q&P steel is not yet understood.
Further work is required to specifically identify the portions
of martensite, bainite, and retained austenite and other pos-
sibly not yet detected microstructures in the HAZ. Conveni-
ently, a compilation of the mechanical properties in the HAZ
is presented in Table 6.

@ Springer

Overall, the Cath ‘n Hold cycle may be readily applicable
in an industrial scale, as the only thing being needed to do
would be preheating of the material prior to welding, and
assuring it will not cool down too much during welding. The
required preheating temperatures are low enough to be appli-
cable with cheap ovens and do not require scaling protection.
Obviously, the real cooling rate that will be achieved, and
the resulting effect on microstructure on a preheated material
needs to be investigated in the future. The subcritical zone
obviously experiences changes due to tempering caused by
heat in the base material, occurring at temperatures below
the A, line. In [36], Gurol et al. [37] reported that decrease
in the hardness in this region could be attributed to the wider
grains caused by the heat cycle, although this could not be
confirmed by our work.

Most importantly, coming works also must include a
detailed investigation of the intercritical zone, because
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Table 6 Mechanical properties

. Yield strength/MPa  UTS/MPa Strain to fracture/% Hardness/HV1
in the HAZ of welded
428iCr+QP Base material 1290 + 102 1938 +21  10.4+0.8 579 + 10
Subcritical zone 1050 + 17 1268 + 17 11.3+0.6 365 + 20
Intercritical zone 850 + 15 1528 £+ 125 6.5+2.3 453 +73
Supercritical zone
e Welding w/o measures 1670 + 55 2252 + 73 27+19 700 + 47
e Interrupted cooling, 200 °C 1416 + 58 2097 + 49 10.4 + 0.1 646 + 12
e Brief reheating 350 °C 1244 1892 10.5 652

currently in this zone the usability of the weld is limited the
most. Earlier works reported hardness values similar to this
work in the hardness dip of the intercritical zone before [27,
33, 38, 39], but data on strength and strain to fracture was
lacking. Data from this work shows that also the ductility
in the intercritcal zone is reduced along with the hardness.
Kroll et al. [32] avoided the hardness dip by heat treating
welded pipes only after welding.

Another focal point should be the development of suitable
filler materials for 42SiCr. Furthermore, the development
of the composition of 42SiCr may not be concluded, and
further variants of material and thermal treatment should be
investigated. Further work on the materials’ fatigue strength
[13] as well as the behavior when subjected to impact load-
ing should be performed. As the retained austenite provides
a finely dispersed deformation reserve, those types of load-
ing may be particularly interesting.

Further works on specific welding processes on 42SiCr
should commence, as they imply different applicability of
thermal management. While in resistance spot welding, the
brief reheating by a second current pulse probably may be
favorable; this may not hold true for arc welding processes
such as GMAW, SMAV, and TIG. Thick-walled structures
like steel constructions, apparatuses, mobile cranes, and
armor probably will be best welded by applying a preheat-
ing. Laser and electron beam welds on the other hand might
make use of both approaches, perhaps in combination. One
has to keep in mind that the material in our experiments
did not melt, whereas a fusion weld will exhibit dendritic
microstructures and segregations in the weld metal. There-
fore, investigation of real-world welding processes will also
show if the promising results presented here will hold true.

5 Conclusions

It was the goal of this work to gather insight into the char-
acteristics of the heat-affected zone on welded 42SiCr+QP
and work out chances and specify gaps of knowledge for
future works. In summary, it was determined that 42SiCr,
although having a relatively large carbon equivalent of 0.82,
can be welded as long as the materials’ characteristics are

accounted for in the thermal cycle of the welding process.
In low temperature areas of the HAZ up to the intercritical
zone between A | and A 3, notable softening of the Q&P
microstructure has to be expected. This is accompanied by
significant hardening and brittle fracture in areas reaching
the supercritical zone above A ;. The hardening effect can
be effectively limited by preheating before welding or a short
reheating pulse during the cooling phase. Thermal measures
did not improve properties in the intercritical zone, which
remains the most impaired zone after welding. The follow-
ing results were obtained:

e Lower temperature, sub-critical areas of the HAZ below
A, soften during welding due to the tempering of mar-
tensite. 42SiCr+QP softens with increasing peak temper-
ature up to a minimal yield strength of 1053 + 17 MPa at
700 °C. Compared to the base material, the yield strength
is reduced by 18.4%. Uniform elongation and elongation
to fracture increase slightly to 6.8% and 13.4% respec-
tively at 500 °C peak temperature, to decline a again
a few percent up to 700 °C. Any point in the annealed
subcritical zone has a higher ductility and lower yield
strength than the base material. The lowest hardness was
measured at 700 °C, amounting to 365 + 19 HV1.

e In the intercritical zone, the lowest yield strength of the
whole HAZ of 847 + 15 MPa with a hardness of 453
+73 HV1 was measured. Compared to the base mate-
rial, the yield strength is lowered by 35%. While the uni-
form elongation of 5.5% in the zone stays on the level of
the base material, the elongation at fracture is reduced
by about 40 to 6.5%. Microsections revealed that the
changes in mechanical behavior are attributed to partial
transformation of the Q&P microstructure to martensite.
Depending on the actual peak temperature reached in
a location, the volume fraction of freshly formed mar-
tensite varies, resulting in varying mechanical properties
in this zone. Based on the data in this work, the mechani-
cal characteristics of the intercritical zone do not respond
to pre- or post-heating.

e Significant hardening up to a yield point of 1700 MPa
along with about 3% elongation to fracture occurs in
the supercritical HAZ heated above A ;. The average

@ Springer
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hardness amounts to 699 +31 HV1. Hardening of the
material is attributed to formation of martensite during
the cooling phase after welding.

e Annealing of 42SiCr+QP for up to 5 min has little
effect, as long as it occurs at or below 500 °C. Anneal-
ing at 700 °C lowers the yield point by 29%. Up to
600 °C uniform elongation and elongation at fracture
remain nearly unchanged, while at 700 °C both increase
to 7.1% and 15.1%, respectively. Consequently, pre- or
post-heating of 42SiCr with up to 500 °C is feasible.

e Significant improvements of the mechanical properties
in the supercritical HAZ can be achieved by interrupt-
ing the cooling phase at temperatures around the mar-
tensite start temperature and then holding the tempera-
ture for 5 min. At 200 °C dwell temperature, a yield
point 10% higher than the base material along with
the same elongation to fracture as the base material
results from this strategy. At 250 °C dwell tempera-
ture, the base material properties are restored, while at
350 °C, the yield strength is lowered compared to the
base material. Microstructural investigations could not
ascertain whether these improvements may be attrib-
uted to restoration of the Q&P structure or are a result
of the formation of bainite, retained austenite, or both.
Nonetheless do these results suggest that the formation
of brittle structures in the supercritical HAZ be avoided
by preheating of the metal. The resulting properties can
be tailored by choice of the preheating temperature.

e A very brief reheating from 250 to 350 °C during the
cooling phase after welding yields similar strength
and elongation as interrupted cooling at 250 °C. Nev-
ertheless, the observed microstructures differ from
those achieved by interrupted cooling, and could not
be clearly attributed to martensite, bainite, or retained
austenite in this work. The “brief reheating strategy”
is very interesting because it may be very practical.

42SiCr+QP will have a substantial impact in the field
of advanced high strength steel, as it provides excellent
mechanical properties throughout the HAZ when treated
accordingly. Additionally, its alloying concept allows
cheap production at the same cost as a mild steel, but the
mechanical performance is outstanding, even in compari-
son to other high strength steels.
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