
Introduction
     The 22MnB5 press-hardened steel (PHS), sometimes
known as hot-stamped (HS) steel, is a boron-alloyed ultra-
high strength steel (UHSS), which has the unique character-
istic of having an ultimate tensile strength (UTS) of about
600 MPa in the as-received condition but has a fully marten-
sitic microstructure post hot stamping, increasing the UTS
to more than 1550 MPa (Ref. 12). Several automotive com-
ponents such as the A- and B-pillar, bumper, rocker and roof
rail, and the tunnel are presently being made from PHS
grades. To make the best use of a PHS, PHSs of various
strength levels and thicknesses must be joined to produce

components with tailored properties (Ref. 11). This is
achieved by joining two or more types of sheet metal using
laser welding to form a laser-welded blank, also referred to
as a tailor-welded blank (TWB). The blank is then HS to
form the part with the designed geometry and required
properties (Ref. 5). Due to the high temperature that the
steel is exposed to during the hot stamping process, it is
commonly coated with an Al-Si coating to prevent the for-
mation of oxide scale and provide a strong barrier protec-
tion against decarburization (Ref. 4).
     The presence of the Al-Si coating poses serious problems
during the laser welding of the 22MnB5 PHS, which has
been reviewed in detail elsewhere (Ref. 6). During laser
welding, the laser will melt the Al-Si coating and the molten
coating enters the weld pool, alloying with the fusion zone
(FZ) (Ref. 7). As Al is a strong ferrite stabilizer, the increase
in FZ Al-content stabilizes the high-temperature delta-fer-
rite (-ferrite) phase, which can be seen by the contraction
of the single-phase austenite () region and the expansion of
the two-phase ( + ) region in the Fe-Al phase diagram lead-
ing to a FZ microstructure composed of -ferrite islands dis-
persed in a martensitic matrix (Refs. 10, 13). The presence
of the nonequilibrium -ferrite in the FZ after welding leads
to failure along the fusion boundary (FB) in the as-received
welded (ARW) condition (Refs. 3, 13, 14, 15). The suppres-
sion of -ferrite can be achieved by adding an austenite sta-
bilizing element to the FZ, which improves the mechanical
properties of the weld (Ref. 1). Sun et al. showed that sup-
pression of -ferrite could be achieved by inserting an inter-
layer of Ni between the faying surfaces that were then laser
welded (Ref. 15). However, the study was limited to the hot-
stamped (HS) then welded condition that is rarely used to
produce TWBs due to the presence of the heat-affected zone
that forms around the FZ, which causes a degradation of the
mechanical properties of the material surrounding the weld
due to martensite tempering (Ref. 13).
     As TWBs made from PHSs are only used in the HS condi-
tion, the evaluation of FZ mechanical properties and weld
performance has more practical consequences in the welded
then HS condition compared to the ARW condition. There-
fore, to make the best use of TWBs made from PHSs, the
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steel sheets must first be welded and then HS. This condi-
tion is referred to as the as-received-welded then hot-
stamped (ARWHS) condition. During the hot-stamping
process, the material is heated to a temperature of about
930° to 950°C and held for at least 5 min after which it is
quenched in a water-cooled die (Ref. 5). It was shown by
Saha et al. that since the material is quenched from a tem-
perature that is between Ac1 and Ac3, the high temperature
nonequilibrium -ferrite transforms to the more stable -
ferrite phase, which is why a relatively uniform distribution
of -ferrite and martensite is obtained in the FZ of the AR-
WHS condition (Ref. 14). It was also shown by the same au-
thor that the ferrite content in the weld increases from
about 20% in the ARW condition to about 40% in the AR-
WHS condition, which suggests that even if complete
-ferrite suppression is achieved in the ARW condition, it is
not a guarantee that complete -ferrite suppression will be
achieved in the ARWHS condition (Ref. 13). This means that
an analysis of mechanical properties must be conducted in
the ARWHS condition, which will be the focus of the present
work.
     The current study investigates the effect of welding an
Al-Si coated 22MnB5 steel through a pure nickel coating on
the microstructure and mechanical properties of the weld in
the HS condition. This condition will be referred to as the
welded with Ni and then hot stamped (WNHS) condition.

The results are compared to the base condition where no
nickel coating was used during the welding process. The
base condition will be referred to as the ARWHS condition.

Experimental Procedure

     This study was carried out on 1.5-mm-thick Al-Si coated
22MnB5 PHS and the base metal (BM) chemical composi-
tion is shown in Table 1. Bead-on-plate (BOP) welds were
made on 200  200 mm sized samples using an IPG Photon-
ics YLS6000 fiber laser mounted to the Panasonic TA1600
six-axis robot. All welds were made perpendicular to the
rolling direction of the steel using a laser power of 4 kW (as
shown on the laser controller) and a welding speed of 6
m/min with a laser beam diameter of 0.3 mm and a laser de-
focus of 6 mm, which has been shown to improve the geom-
etry of the FZ (Ref. 19). Further details about the welding
system can be found elsewhere (Ref. 20). A 50-μm-thick
pure Ni shim was applied to the area being welded using an
adhesive, as shown in Fig. 1G. BOP welds were made
through the nickel coating as shown by the still images in
Fig. 1A–F captured using the XIRIS XVC1000 welding cam-
era at 90 fps. The samples were HS following welding, where
they were heated in a furnace for 6 min to an austenitization
temperature of 930°C and then quenched using a water-
cooled die at a cooling rate of approximately 30°C/s, which
resulted in a fully martensitic microstructure in the as-
received BM as shown by the high-magnification scanning
electron microscope (SEM) images shown in Figs. 5B and 7B.
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Fig. 1 — Frame-by-frame images of the welding process show
the weld being made as the laser traveled from the non-
coated substrate (A, B) to the Ni-coated substrate (C–F). The
final image (G) shows how the Ni-coating was applied to the
Al-Si coated 22MnB5 PHS. The weld was made through the
area that is covered by the Ni coating.

Fig. 2 — EPMA elemental maps: A — Fe; B — Ni showing the di-
lution of the Ni coating into the FZ for the WNHS condition with
the highest concentration of Ni found at the FB, whereas the
bulk of the FZ has a more even distribution of Ni content.

A B C

E FD

A B

Table 1 — Chemical Composition of the Base Material Used in the Present Work (in wt-%)

  Sample Condition C Mn B Si Cr Ti Mo    P Ni Al Fe

BM 0.23            1.22          0.0032         0.27           0.20          0.04           0.02            0.01 0.00           0.04          bal.

G
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     The FZ and BM microstructure were analyzed using the
Clemex Vision Lite image analysis software (v. 8.0.197) to
measure the phase concentration (PC) of ferrite and
martensite in the FZ. To validate the image analysis results,
two separately welded samples for each condition were ana-
lyzed. Image analysis for the first set of samples was done
for the entire FZ, as shown in Fig. 3. For the second set of
samples, three regions of interest located at the FB and the
center of the FZ were selected, and image analysis was per-
formed at these regions at high magnification to measure
the ferrite and martensite PC, as shown in Figs. 4 and 6. The
ferrite PC for these regions was averaged and compared to
the first set of samples to verify that the image analysis re-
sults were accurate. The Zeiss UltraPlus field emission SEM
was used to capture high magnification images of the BM,
FB, and FZ to clearly identify the different phases.
     Elemental analysis to determine the Al content in the AR-
WHS condition and the Ni content in the WNHS condition
was done using the JEOL JXA-8230 electron probe microana-
lyzer (EPMA). Hardness was measured using the Clemex CMT
(v. 8.0.197) with a 200 gf and a 10 s dwell time. Hardness
maps were constructed using OriginPro. Tensile coupons were
first cut from the 200  200 mm sample using a water jet cut-
ter and then machined to a gauge length of 50 mm in accor-
dance with ASTM E8/E8M, Standard Test Methods for Tension
Testing of Metallic Materials. Each individual tensile coupon
was pulled using the Instron 4206 at a speed of 1 mm/min
and an optical extensometer was used to measure the strain.
A total of four tensile coupons were pulled for each condition. 

Results and Discussion

Microstructural Analysis

     EPMA analysis showed that the FZ of the ARWHS sample
had an Al content of 1.02 wt-% with no traces of Ni being
found (as shown in Table 2). The local Ni content in the FZ
of the WNHS condition ranged from about 1.5 to 15 wt-%
and the average bulk Ni content was found to be around 3.5
wt-% due to the dilution of the Ni-coating into the FZ dur-
ing the welding process. The cross-sectional area of the FZ
was measured at approximately 1.16 mm2 and the cross-
sectional area of the applied Ni coating was approximately
0.055 mm2, which means theoretically if all of the Ni coating
was to be diluted into the FZ, a bulk Ni content of about
4.74 wt-% would be expected, which is higher than the
measured value of 3.5 wt-%. The low Ni content in the FZ
can mainly be attributed to the partial vaporization of the
Ni coating when it encounters the laser beam. The partial
vaporization can be confirmed by the increase in the size of
the vapor plume as the laser goes from the region of the
substrate with no Ni coating (Fig. 1B) to the Ni-coated

region (Fig. 1C). The elemental map for Fe shows that the
concentration of Fe is lower in the FB where the concentra-
tion of Ni is the highest as shown in Fig. 2A, B, respectively.
     Image analysis was used to identify the PC of each phase
present in the weld as shown in Fig. 3. When no Ni coating
was used, it was found that the FZ had a ferrite PC of 35.4%,
shown by the gray phase in Fig. 3C, and a martensite PC of
64.6%, shown by the green phase. These results are similar
to those reported in the literature for phase concentrations
of the two phases present in the FZ of the ARWHS condition
(Refs. 13, 21). Alternatively, when analyzing the weld using
the Ni coating, the ferrite PC was reduced to 4.2% with the
remainder being made up of martensite as shown in Fig. 3D
and these results have been summarized in Table 3. 
     To verify the image analysis results shown in Fig. 3, a sec-
ond set of identical welds were prepared in the ARWHS and
WNHS conditions, and the micrographs of the weld cross sec-
tions are shown in Figs. 4A and 6A, respectively. Three regions
of interest located at the left-side FB, right-side FB, and the
center of the FZ (shown as regions b, c, and d in Figs. 4 and 6)
were selected so that the microstructure could be observed at
higher magnification and image analysis could be performed
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Fig. 3 — Optical micrographs of: A — Weld microstructure
with no Ni addition; B — weld microstructure with Ni coating;
C, D — image analysis using Clemex Vision Lite showing the
PC of ferrite (gray color) and martensite (green color) for
both conditions, respectively.
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D

Table 2 — Chemical Composition of the Weld Fusion Zone in the ARWHS and WNHS Conditions (in wt-%)

  Sample Condition            C Mn B Si Cr Ti Mo P Ni Al Fe

          ARWHS 0.23 1.22          0.0032 0.27 0.20          0.04           0.02 0.01           0.00         1.02           bal.
           WNHS 0.23 1.22          0.0032 0.27 0.20          0.04           0.02 0.01           3.52         1.02           bal.
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for these regions. The measured PC of ferrite for each respec-
tive region from the ARWHS and WNHS condition is shown in
Table 4. The average ferrite PC for these regions was calculated
as 38.1 and 3.0%, respectively, which showed excellent agree-
ment with the image analysis results for the entire FZ as meas-
ured for the first set of samples. 
     High magnification SEM images of the FB region for the
ARWHS and WNHS condition are shown in Figs. 5A and 7A,
respectively. The SEM images confirm that the BM in both the

ARWHS and WNHS conditions were fully martensitic as
shown in Figs. 5B and 7B, respectively. However, the mi-
crostructure morphology was significantly different for the FZ
in the ARWHS and WNHS condition. The FZ in the ARWHS
condition is characterized by the darker ferrite islands embed-
ded in a martensitic matrix as shown in Fig. 5C, which is simi-
lar to what has been shown in other studies (Refs. 13, 14). The
FZ in the WNHS condition was fully martensitic characterized
by prior martensite (PM), which formed at the earlier stages of
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Fig. 4 — Optical micrographs of the: A — Weld microstructure with no Ni addition; B — left-side fusion boundary; C — right-side fusion
boundary; D — center of the fusion zone with corresponding images showing the PC of ferrite (black color) and martensite (white color).

Fig. 5 — SEM images of the: A — Fusion boundary of the ARWHS condition at the location specified in Fig. 4; B — base metal
showing a fully martensitic microstructure; C — fusion zone showing the ferrite phase embedded in a martensitic matrix.

CBA
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the quenching process, and fresh martensite (FM), which
formed at a later stage during quenching as shown by Fig. 7C.
PM and FM were identified in the microstructure of steels

containing Ni by Yao et al. (Ref. 17) who showed that PM had
a lower carbon content as it formed at higher temperatures,
which gives it better toughness properties compared to FM.
Furthermore, they showed that the PM etched easily, was
darker, and its microstructural morphology was concave simi-
lar to what is shown in Fig. 7C.
     Martin et al. confirmed that aluminum is a strong ferrite
stabilizer that reduces the size of the single-phase austenite
region in the Fe-Al phase diagram (Ref. 10). It was clearly
seen that the addition of Ni into the FZ stabilized the
austenite phase by expanding the size of the single-phase
austenite region as compared to the size of the single-phase
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Table 3 — Summary of the Ferrite PC Found in the ARWHS and
WNHS Conditions

  Sample Condition                    Ferrite PC                  Martensite PC

          ARWHS                               35.4%                             bal.
           WNHS                                 4.2%                              bal.

Fig. 6 — Optical micrographs of the: A — Weld microstructure with Ni coating; B — left-side fusion boundary; C — right-side fu-
sion boundary; D — center of the fusion zone with corresponding images showing the PC of ferrite (black color) and martensite
(white color).

C

A

D

B

B CA

Fig. 7 — SEM images of the: A — Fusion boundary of the WNHS condition at the location specified in Fig. 6; B — base metal show-
ing a fully martensitic microstructure; C — martensitic fusion zone showing a combination of prior martensite characterized by
the darker concave morphology and fresh martensite characterized by the lighter convex morphology.
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austenite region in the Fe-Al phase diagram generated using
JMatPro (v. 11.2) for the ARWHS FZ composition as shown
in Fig. 8. The increase in the size of the single-phase austen-
ite region ensures that during austenitization at a tempera-
ture of 930°C, the FZ microstructure was completely
austenitic in the welded with Ni coating condition compared
to the dual-phase ferritic and austenitic microstructure ob-
served in the ARW condition, as shown in Fig. 8A. There-
fore, it can be said that the addition of Ni into the FZ stabi-
lizes the austenite phase leading to a direct reduction in -
ferrite PC that is observed in the weldment.

     CCT curves generated using JMatPro (v. 11.2) predicted
that at a cooling rate of about 30°C/s, the microstructure
of the FZ in the ARWHS condition would be a mixture of
ferrite and martensite as shown in Fig. 9A, which agrees
with the PC results shown in Tables 3 and 4. Conversely,
the CCT diagram for the FZ of the WNHS condition pre-
dicted that the weld should have a fully martensitic mi-
crostructure, as shown in Fig. 9B. However, the ferrite PC
of the FZ in the WNHS condition was shown to be about 3-
4% with the remainder being made up of martensite. The
small disagreement between the ferrite PC observed in the
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Table 4 — Summary of the Ferrite PC Found in the ARWHS and WNHS Conditions Measured Using Image Analysis for Three Distinct Regions of
Interest at High Magnification

  Sample                        Ferrite PC                            Ferrite PC                           Ferrite PC                          Average                         Martensite 
Condition                      Region b                              Region c                             Region d                         Ferrite PC                              PC

  ARWHS                          43.3%                                  49.5%                                 21.5%                               38.1%                                 bal.
   WNHS                            2.2%                                     2.1%                                   4.8%                                3.0%                                 bal.

Fig. 8 — Fe-Al phase diagrams generated using JMatPro (v. 11.2) for: A — The ARWHS FZ composition in which there is no Ni, and the
arrow is showing that at the austenitization temperature of 930°C, the FZ microstructure is composed of austenite and ferrite; B — the
WNHS FZ composition showing the addition of Ni stabilizes the single-phase austenite region thereby increasing the PC of the marten-
site at the end of the hot stamping process, and the arrow is showing that the FZ microstructure at 930°C is fully austenitic.

Fig. 9 — Predictive CCT diagrams for: A — ARWHS FZ composition showing that at a 30°C/s cooling rate, the weld microstructure is
expected to be a combination of ferrite and martensite; B — WNHS FZ composition showing that the weld microstructure is ex-
pected to be purely martensitic at a 30°C/s cooling rate.

A B

A B
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image analysis results and the CCT diagram can be ex-
plained by recognizing that the CCT diagram has been gen-
erated for a fixed bulk material chemical composition
while, in reality, the local chemical composition in certain
parts of the FZ may be different than the bulk chemical
composition. For this reason, very small amounts of ferrite
may still be found in the FZ. The CCT diagrams can be
used in conjunction with the Fe-Al phase diagrams to con-
firm that as the Ni content in the weld increases, the -fer-
rite PC decreases, leading to an almost fully martensitic
microstructure in the FZ upon cooling.

Mechanical Properties

     As the -ferrite content in the weldment significantly
lower in the WNHS condition compared to the ARWHS con-
dition as determined by the image analysis, the difference
leads to an observable effect on the mechanical properties
of the weld. To generate hardness maps as shown in Fig. 10,
299 microhardness indents were made in the BM and FZ of
the ARWHS and WNHS conditions. The BM hardness was
measured at about 500 HV, which falls within the range re-
ported in previous research (Refs. 9, 13, 18). The average
FZ hardness for the ARWHS condition was measured at
about 350 HV, which was significantly lower than the BM
hardness as shown in Fig. 10A, which agrees with the data
reported in the literature and showed that the difference in
hardness was due to the presence of -ferrite (Refs. 13, 21).
However, due to the reduced ferrite PC in the FZ of the
WNHS condition, the average hardness was measured to be
around 500 HV, which is the same as the BM hardness. 
     Due to the high-ferrite PC present in the FZ and the rela-
tively lower hardness, the weld strength in the ARWHS con-
dition was measured at about 1276 ± 11 MPa and sudden
fracture was observed in the FZ, which agrees with the liter-
ature (Refs. 3, 8, 9, 13). However, due to the reduction in
ferrite PC and the subsequent improvement in FZ hardness,
the UTS for the WNHS condition matched that of the BM at
around 1562 ± 5 MPa and failure in these samples occurred
in the BM with the crack propagating on an angle showing
the plane of maximum shear stress as shown in Fig. 11.

Conclusion

     By welding an Al-Si coated 22MnB5 PHS through a pure
Ni coating followed by a hot stamping process, the
strength of the welds was increased to that of the hot-
stamped BM, and the failure location was shifted from the
FZ to the BM. Prior to welding, a 50-μm Ni shim was ap-
plied using an adhesive to 1.5-mm-thick Al-Si coated
22MnB5 steel, and fiber laser welds were then made
through the Ni coating. This condition was compared to
that in which welds were made with no Ni coating applied
as well as the nonwelded BM and all the samples were hot
stamped using identical conditions. It was found that by
welding Al-Si coated 22MnB5 steel through a Ni coating,
the Ni content in the weld can be increased, which sup-
presses the formation of -ferrite. This improved the hard-
ness and the UTS of the FZ to match that of the BM.
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Fig. 10 — Hardness maps for: A — BM and FZ of the ARWHS condition showing a significantly softer FZ as compared to the BM; B
— BM and FZ of the WNHS condition showing that the average FZ hardness is the same as that of the BM.

A B

Fig. 11 — Flow curves for the hot-stamped BM, ARWHS condi-
tion, and WNHS condition with inserts showing: A — The fail-
ure location of the ARWHS samples along the FB due to the
high PC of -ferrite present in the FZ; B — the failure location
of the WNHS samples in the BM.

A
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Therefore, it can be concluded that the aforementioned
method can be used to improve the mechanical properties
of Al-Si coated TWBs without requiring the removal of the
Al-Si coating prior to welding.
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