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Abstract: TRIP 800 steel and DP 1000 steel welded by using the electron beam welding (EBW) method were investigated
in this study. Martensite was a dominant phase at the fusion zone (FZ) of both steels. In addition, bainite and austenite
were observed in the FZ of TRIP 800. The hardness of FZ and heat affected zone (HAZ) of both steels were higher than
their base metals. The hardness of FZ of the TRIP 800 joinings was higher than the FZ of DP 1000. Ductility and tensile
strength decreased at both of the joinings. However, this decrease became higher at the DP 1000 steel joinings
compared to the TRIP 800 joinings. It was observed that the TRIP 800 joining absorbed more energy than the DP 1000
joining at impact notch test for each temperature.

Key-words: Transformation induced plasticity steel; Dual phase steel; Microstructure; Electron beam welding;
Tensile strength.

1. Introduction

Automotive manufacturers need of developing new types of steel due to the energy crisis, increased in-car safety factors
and environmental laws. Transformation induced plasticity (TRIP) and dual phase (DP) steels are considered as advanced high-
strength steel (AHSS) [1]. Automotive manufacturers have extensively used both DP and TRIP steels to improve vehicle safety
and reducing vehicle weight.

The TRIP steels have an unrivalled combination of excellent energy absorption, formability and strength properties [2].
These steels generally contain three phases, namely ferrite, retained austenite and bainite. However, the TRIP steels can also
contain martensite [3]. The TRIP steels are extremely suitable for the automotive industry as a type of steel with high strength,
excellent ductility and good vehicle collision resistance [4]. They are also highly favored for their perfect crash behaviour and
high energy absorption at dynamic strain rates [5]. The TRIP steels with medium Mn content are suitable for automotive
components where the full TRIP effect can be used [6].

The name DP steels refer to two dominant phases found in the microstructure: ferrite and martensite [7]. The DP steels
contain a hard martensite phase, which is a secondary structure in a ferritic (soft) structure [8]. Due to the characteristic mechanical
properties of their ferritic-martensitic microstructure, the DP steels have low yield strength, good ductility and high tensile strength.
As the martensite ratio increases, the strength of the sheet increases while the formability property decreases [9].

Electron beam welding (EBW) is generally used in the defense and aerospace industries. EBW is one of the most advanced
features of electron beam sources. With EBW, it is possible to weld without a filler metal in materials with thickness from
0.01 mm up to 250 mm for steel and up to 500 mm for aluminum and the vacuum environment has a minimum level of material
oxygen related [10]. Welding dissimilar materials also becomes possible with EBW [11,12]. Furthermore, EBW is also used for
welding refractory metals and chemically active metals which are otherwise hard to weld by other welding methods [10]. Despite
all these advantages, its high investment cost has been limiting the usage areas of EBW.

There are studies in the literature reporting the weldability and post-weld strength values of DP steels and TRIP steels with
welding methods such as gas metal arc welding (GMAW) [13,14], laser beam welding (LBW) [15,16] and resistance spot welding
(RSW) [17,18]. There is some studies about advanced high strength steels are used at automotive industry welded by EBW [19-21].
However, no studies regarding the welding of DP or TRIP steels by using EBW were found in the literature. EBW has proven to be a
highly credible welding method for joining new advanced steels such as TRIP/TWIP (TWinning Induced Plasticity) steel [22].
Therefore, it isimportant to examine how EBW affects the microstructure and mechanical properties of DP and TRIP steels. Because
the one of the narrowest HAZ gets with EBW within all kinds of welding methods. So this is very important for aircraft and defence
industries. High strength steel structures like TRIP and DP can be used to replace mild steel grades, allowing for the structure to be
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made lighter. This can potentially increase the payload of vehicles and equipment are used for military and aircraft and reduce the
fuel consumption whilst still retaining the structural integrity of the product. Kasonde observed ballistic performance of TRIP steel.
His results even showed a relationship between the amount of transformation (in the impact zone) and the steel’s ballistic
performance [23]. Furthermore DP and TRIP steels have high impact strength and they can be used for perforated steel armour.
Because perforated plates are also attractive for passive mitigation systems against explosive blast [24].

In this study, it was aimed to investigate the metallurgical structure of the weld zone (FZ), strength values such as hardness,
tensile strength, toughness and elongation percentages of the welded parts by similar combining TRIP 800 and DP 1000 steels
with the EBW welding method.

2. Experimental Details

In this study, TRIP 800 and DP 1000, which are new generation high strength steels, were used. The thickness of the TRIP 800
steel was 1.5 mm while the thickness of the DP 1000 steel was 1.2 mm. The chemical analysis of the sheets of both steels is shown in
Table 1. The chemical composition of steels were given by import firms.In Table 2, the yield strength and the elongation and tensile
strength of the base metal are shown. These results measured by us. At the beginning, EBW experiments were carried out to use
varying beam current and welding speed. Such an exercise was necessary to understand their effects on weld bead profile and to
optimize the process parameters in achieving full penetration. Although there was no penetration at 15 and 20 mA full penetration
was ensured at 25 mA. Welding speeds were 150, 200 and 250 mm/minute, respectively. It was observed that 250 mm/minute was
the optimum welding speed. The parameters of the welding machine are shown in Table 3.

Table 1. The chemical composition of the steels in wt.%.

Steel C Si Mn Al Mo Ni Nb Vv P S
TRIP 800 0.18 1.72 1.69 0.03 0.03 0.07 0.05 0.01 0.01 0.007
DP 1000 0.15 0.51 1.49 0.05 0.01 0.03 0.02 0.01 0.01 0.002

Table 2. Mechanical properties of the steels.

Steel Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)
TRIP 800 525 883 36
DP 1000 787 1091 8

Table 3. Welding parameters.

Welding Parameters Value
Voltage (KV) 40
Ampere (mA) 25
The speed of mirror (mm/minute) 200
Pressure (Torr) 10+

The welded samples of TRIP 800 are shown in Figure 1. Figure 2 shows the samples which were used in the tensile strength,
impact notch strength and microhardness tests. Figure 3 shows welded samples of DP 1000.
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Figure 1. TRIP 800-TRIP 800 welding sample.
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Figure 2. Schema of the samples.

Figure 3. DP 1000-DP 1000 welding sample.

The samples were sanded with mesh water abrasive from 240 to 3000. Then all the samples were polished with 3 um
diamond paste. The etching was carried out with a mixture of nital 2%. The sample was left in this mixture for 12 seconds.

Vickers (HV 0.2) hardness measurements were carried out from the base metal toward FZ with a load of 200 g for 15 seconds.

Impact notch test sample was carried out at -20 °C and room temperature (20 °C). Three samples were used to find the
average values of the samples (DP 1000- DP 1000 and TRIP 800-TRIP 800) at both temperatures.

The technical drawing of the samples prepared for the tensile test is shown in Figure 4.
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Figure 4. Tensile strength sample (Unit of measurement is mm). R: radius.
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3. Result and Discussions

3.1. Microstructure

Figure 5 and Figure 6 show that three zones were observed in heat affected zone (HAZ). These were coarse-grained HAZ
(CG-HAZ), fine-grained HAZ (FG-HAZ) and tempered HAZ (T-HAZ). The CG-HAZ was observed at near fusion zone, T-HAZ was
observed at the near base metal zone and FG-HAZ was observed between CG-HAZ and T-HAZ.

Figure 7a shows the base metal of TRIP 800. The matrix of the microstructure consisted of ferrite. Chiang et al. (2011) reported that,
in the SEM micrographs, ferrite seemed dark while martensite and retained austenite (M/RA) seemed light and smooth. Bainite appeared
as a nonuniform phase contiguous to the M/RA islands [25]. Bainite also appeared as a long and light shape [26]. Figure 7b shows the base
metal of DP 1000. Martensite islands consisted of in the ferrite matrix. It was seen that martensite spread in the ferrite matrix. Figure 8
shows the fusion zone (FZ) of TRIP 800 (Figure 8a). FZ also contained martensite and austenite was seen at the same SEM photo. FZ of DP
1000 consists almost only of martensite (Figure 8b). FZ consisted martensite in as much as temperature was above the melting point. This
microstructure in FZ caused higher hardness than the base metal.

Figure 5. Schematic of cross section of EBW TRIP 800- TRIP 800 joint. FZ: fusion zone; CGHAZ: coarse grain HAZ; FGHAZ: fine grain HAZ; THAZ:
tempered zone HAZ; BM: base metal.

Figure 6. Schematic of cross section of EBW DP 1000- DP 1000 joint. FZ: fusion zone; CGHAZ: coarse grain HAZ; FGHAZ: fine grain HAZ; THAZ:
tempered zone HAZ; BM: base metal.
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Figure 7. Base metal of (a) TRIP 800; (b) DP 1000. F: ferrite; RA/M: retained austenite/martensite; B: bainite; M: martensite.

Figure 8. FZ of (a) TRIP 800; (b) DP 1000 (SEM image). Figure 9 shows the HAZ of TRIP 800 (d, e and f) and DP 1000 (a, b and c) joinings. M:
martensite, A: austenite, F: ferrite.

The martensite volume of CGHAZ of DP 1000 was more than the THAZ and FGHAZ of DP 1000. Undissolved ferrite was
observed at all three figures of DP 1000. The martensite and bainite volume of CGHAZ of TRIP 800 was more than THAZ and
FGHAZ of TRIP 800. It was thought that the amount of bainite decreased from FGHAZ to THAZ. Austenite was observed at all
three figures of TRIP 800 HAZ.
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Figure 9. HAZ of DP 1000 (a) CGHAZ; (b) FGHAZ; (c) THAZ; HAZ of TRIP 800; (d) CGHAZ; (e) FGHAZ; and (f) THAZ. A: austenite; M: martensite;
F: ferrite; B: bainite.

3.2. Microhardness test

The microhardness profile is shown in Figure 10. The average hardness of TRIP 800 FZ, HAZ and base metal was calculated as
442, 301 and 237 HV, respectively. The FZ of TRIP 800 joining exhibited the highest hardness (465 HV) due to hard martensite
structure. With the increase in the distance from CGHAZ to the base metal, the volume of martensite decreased (Figure 9d-f). The
decrease in the volume of the martensite affected the hardness of HAZ. Grajcar et al. (2014) welded TRIP steel by laser welding.
They observed that the highest hardness was in the fine-grained HAZ and it was almost twice higher than the base metal. They
mentioned that martensitic-bainitic laths increased its hardness significantly [27]. In the present study, the martensitic laths
increased significantly at FZ (Figure 8a). The highest hardness was observed at FZ. Another research in literature mentioned that
the overall hardness of the base metal decreased with increasing Ni-content. FZ was observed in the softest zone in their study.
High Ni rate decreased both FZ and HAZ [28]. Various researchers reported that slower welding speeds caused homogeneous
hardness profile between FZ and base metal at TRIP steel welded by using EBW [19]. However, in the present study, the welding
speed was slower than the study mentioned above (the speed in the present study is approximately 3 mm/s slower than theirs)
and heterogeneous hardness patterns were observed at the base metal and FZ. The TRIP steel in the study mentioned above
contains more chromium and nickel than the TRIP steel used in the present study. The TRIP steel used in this study involved less
alloy element, especially Ni, which caused more heterogeneous hardness between FZ and base metal at TRIP steel.

Regarding the average hardness of the DP 1000-DP 1000 joining, FZ, HAZ and base metal were calculated as 307, 256 and 254 HV,
respectively. The hard martensitic structure was observed at FZ (Figure 8b). Thus, these structures caused FZ to become the highest
hardness zone at DP 1000. Manganese (Mn) and silicon (Si) increased the martensitic formation in FZ and CGHAZ [20]. Figure 9a-c shows
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the presence of martensite and ferrite. By moving from the weld fusion zone centerline to the DP 1000 base metal, the volume of ferrite
increased but martensite volume decreased.

Wang et al. (2016) carried out laser welding on DP 1000 steel. They observed that the highest hardness values were observed
in the fusion zone and reached a maximum of more than 400 HV [29]. Dong et al. (2014) observed that the maximum hardness of
FZ of DP 600 steel was 340 HV [30]. Jia et al. (2016) observed that the maximum hardness was in the FZ of DP 600 and DP 980 and
it was higher than 400 HV [31]. In the present study, the hardness of the fusion zone of DP was lower than the above-cited studies.
The results showed two reasons for the softening. Firstly, when DP 1000 steel reached the intercritical temperature, harder
martensite transformed to tempered martensite. Secondly, the precipitation of carbides occurred in this temperature [32].
Furthermore, it can be said that the vacuum cabin at EBW influenced the cooling rate of metal. As the vacuum cabin can cause
slower cooling according to laser welding, it can cause low hardness values. Retained austenite transformed into martensite or
bainite with increasing temperature. This transformation caused more martensitic and bainitic structure in TRIP 800 according to
DP 1000, which in turn caused the hardness of HAZ and FZ of TRIP steel to become higher than the HAZ and FZ of DP 1000. Therefore,
it was thought that vacuum cabin affected the hardness of HAZ and FZ of TRIP 800. Nayak et al. (2012) investigated the comparing
microstructure and mechanical properties of fusion zones of TRIP steels in resistance spot welding and laser welding. One particular
sample in their study was almost the same as chemically and in terms of its mechanical properties with TRIP 800 used in the present
study. The average fusion zone hardness of the TRIP steel in RSW and laser welding was observed as 526 and 484 HV, respectively.
As RSW had higher rate of cooling than laser welding, RSW lead to higher hardness than laser welding in the fusion zone [33]. In the
present study, the average fusion zone hardness of TRIP 800 was found as 442 HV. When the present study is compared with the
study of Nayak et al., it can be said that vacuum cabin could affect the hardness of TRIP 800 and the hardness of DP 1000.
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Figure 10. Hardness graphic of samples. BM: Base metal; HAZ: heat affected zone; FZ: fusion zone.

3.3. Charpy impact notch test results

The impact notch tests were carried out at 20 °C (room temperature) and -20 °C. The Charpy V-notch in the weld joints
was located at the weld centre line for each sample. Some researcher used to calculate fracture energy by using formula [34]
but in this study we used Charpy impact notch test machine. For the calculation of the average fracture energy, three samples
were used at the same temperature. Figure 11 shows shape of separate Charpy notched test sample. Figure 12 shows the
average fracture energy of TRIP 800-TRIP 800 and DP 1000-DP 1000 welded at 20 °C and -20 °C.
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Figure 11. Shape of separate Charpy notched test sample. Unit of measurement is mm.
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Figure 12. Average of Samples Fracture Energies 1. TRIP 800-TRIP 800 at 20 °C 2. TRIP 800-TRIP 800 at -20 °C, 3.DP 1000-DP 1000 at 20 °C, 4.
DP 1000-DP 1000 at -20 °C.

As can be seen in Figure 12, the TRIP 800-TRIP 800 joining had the highest average fracture energy with 6,8 J at room
temperature. The average fracture energy of TRIP 800-TRIP 800 at -20 °C was 5.9 J. However, DP 1000-DP 1000 had minimum
average fracture energy with 4,5 ) at -20 °C and its average fracture energy was 4,7 J at room temperature. Both at room
temperature and at -20 °C, the fracture energy of the TRIP 800 joinings was better than the DP 1000 joinings. These results show
that the TRIP 800-TRIP 800 EBW samples had better impact toughness values than DP 1000- DP 1000 EBW at both room
temperature and -20 °C. The transformation of austenite to martensite in the TRIP steels exhibited various advantages such as
energy absorption at dynamic tests [6]. This transformation influenced the fracture energy of TRIP 800 positively.

Figures 13 and 14 show the SEM images of impact test samples. Both samples had a large number of dimples at the fracture
surface at room temperature and -20 °C. When two samples (TRIP 800-TRIP 800 and DP1000-DP 1000) were compared, the TRIP
800 joining had more dimples than DP 1000 at both temperatures. No similar study on the impact notch test results of welding
TRIP steel or DP steel by using EBW was found in the literature to compare the results of this study.
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Figure 14. (a) DP 1000-DP 1000 impact test at -20 °C; (b) TRIP 800-TRIP 800 impact test at -20 °C.

3.4. Tensile strength test

The results of the tensile strength tests were showed in Table 4. The speed used for all configurations in the tensile was
2.0 mm/min. Extensometer was used for measure changes in the length of samples. Although the DP 1000-DP 1000 welded
joints were broken from HAZ, the TRIP 800 -TRIP 800 welded joints were broken from the base metal. Figure 11 shows that the
minimum hardness was observed at the HAZ of the DP 1000 joinings and base metal of TRIP 800. Thus, it can be said that soften
zones affected the tensile strength of the joinings. Halbauer et al. (2016) observed no significant influence on the mechanical
properties (tensile strength and elongation) of electron beam welded metal compared to the base metal [19]. On the contrary,
in this present study, it was seen that the highest tensile strength (averagely 840 MPa) and elongation (averagely 23%) values
were observed at the TRIP 800-TRIP 800 welded joint. It can be said that the tensile strength of the welded steel was close to
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the value of the base metal at TRIP 800 joining while the elongation value of the welded steel decreased significantly due to the
increasing volume of martensite at FZ (Figures 8a and 9a).

Table 4. Tensile test results of welded materials.

Materials Yield Strength (MPa) Tensile strength (MPa) Elongation (%)
TRIP 800-TRIP 800 43918 8404 23+0.5
DP 1000-DP 1000 463+3 65613 410.3

The DP 1000-DP 1000 welded joints were broken from HAZ. Its average tensile strength and elongation were 656 MPa and
4%, respectively. The tempering martensite caused softening in the HAZ of the DP980 steels [35,36]. The volume of martensite
in base metal affected the size of softening [37]. As EBW was carried out in vacuum atmospheric, the air contact of the samples
was delayed and the cooling process became slower. Thus, the martensite phase became softer by tempering while staying at
high temperature for a long time. This could affect the microstructure in the HAZ and cause to get low tensile strength value.

The tensile test showed that the TRIP 800 joinings were more ductile than the DP 1000 joinings. It was also seen that the
HAZ of TRIP 800 joining included retained austenite (Figure 9d). It could affect TRIP 800 joinings ductility positively.

Figures 14 and 15 show the SEM fractography of the tensile fracture surface. The fracture surface showed no significant
differences between TRIP 800 and DP 1000 welded joints. Not only large amounts but also small dimples can be observed at
both of the fracture surfaces of steels in Figures 15 and 16.

EHT =10.00 kV

Figure 16. DP 1000-DP 1000 tensile strength SEM image.
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4, Conclusions

o FZ composed almost only of martensite at both of the joinings (TRIP800-TRIP800, DP1000-DP1000). While the HAZ of the
TRIP 800 joining composed of martensite, austenite and bainite, the HAZ of the DP 1000 joining composed of martensite
and ferrite. The ferrite volume increased from CGHAZ towards THAZ;

o The hardest point was observed in the FZ of the TRIP 800 joining (465 HV 0.2) and CGHAZ of DP 1000 (352 HV 0.2) due to the
occurring martensite phase. However, the highest average hardness was observed at the FZ of both steel joinings due to the
presence of the martensite phase. The hardness of the TRIP 800 joining was higher than the DP 1000 joining. It was thought that
the retained austenites in TRIP 800 steel could form martensite and bainite after post-weld cooling. Thus, the martensite and
bainite volume at FZ of TRIP 800 joining could be more than DP 1000 joining FZ. It was observed that the hardness decreased for
each joining as it moved from CGHAZ to THAZ. While the ferrite volume increased at the DP 1000 joining, bainite and martensite
volume decreased at the TRIP 800 joining as it moved from CGHAZ to THAZ;

o Impact energy tests show that the TRIP 800 joinings (6,8 J at room temperature and 5.9 J at -20 °C) had higher impact
energy than DP 1000 joinings (4,7 J at room temperature and 4,5 J at -20 °C) at each temperature. The transformation of
austenite to martensite exhibits beneficial properties at TRIP steels, particularly ductility and energy absorption. This
benefit was observed at the tensile strength test;

o DP 1000 joinings broke in HAZ but TRIP 800 joinings broke in the base metal. Softening zone (HAZ of DP 1000 joining) influenced
the tensile property of DP 1000 weld joints. While the tensile strength of DP 1000 joinings decreased 40% and elongation
decreased 50% according to the DP 1000 base metal. Tensile strength didn’t decrease at a high rate (5%) but elongation
decreased by more than 30% at TRIP 800 joinings according to the base metal. It was thought that the transformation of austenite
to martensite prevented a decrease in tensile strength and elongation as it seems in DP 1000 joinings.
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