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Abstract: Laser Additive Manufacturing (LAM) was employed to fabricate repaired specimens with wrought TC4 as the substrate
and TC4 powders with low oxygen (0<0.13wt%) as the cladding materials. The microstructure and mechanical properties of TC4
specimens fabricated by LAM and wrought billet were investigated comparatively. The results show that the macrostructure of the
laser repaired specimen can be divided into three domains, including wrought substrate zone (SZ), heat affected zone (HAZ) and
laser deposited zone (LDZ). The LDZ microhardness is equal to that of the SZ basically. And the HAZ microhardness is higher than
that of both the LDZ and SZ slightly. The results of room temperature tensile test show that the strength and ductility of the wrought
specimen are slightly higher than that of the laser repaired specimens. Meanwhile, the strength of the laser repaired specimen with
repair ratio of 40% (i.e. area fraction of the LDZ on the transverse section of tensile specimen within gauge part is 40%)is slightly
lower than that of 50% repaired specimen, but the ductility is higher than the latter. Therefore it is favorable to match the strength
and ductility of the wrought substrate with the LDZ with low oxygen TC4 powders as the cladding materials, so as to improve the
comprehensive properties of laser repaired TC4 titanium alloy. The wrought specimen tensile fracture presents a typical ductile
characteristic, and the repaired specimen shows a complex fractograph. From the LDZ to the SZ, the tensile fracture presents a
successive transformation from cleavage step to dimple fracture. It can be seen that there is a good corresponding relationship

between the fracture morphology and the microstructure of the tensile specimens.
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TC4 is a kind of o+ titanium alloys with medium strength,
containing 6wt% Al which is a stable element of a phase, and
4wt% V which is a f stable element. It is widely employed to
fabricate engine fans, compressor disks, blades and heavy load
components due to its excellent comprehensive service
performances in the field of aeronautic and astronautic
industries™?. Mis-machining damage occurring during the
productive process and foreign object damage encountered in
the service process become the problems ought to be faced
with the increasing of application amount of titanium alloy
components of new aircraft. It is urgent to develop new repair
techniques to reverse huge losses both on economy and
delivery time resulted from the damage of high value
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components.

Traditional repair techniques, such as brazing, argon arc
welding, thermal spraying and electric discharge machining,
are usually used to repair the surface defects or the defects
with simple shapes. In addition, the heat-input and heat
affected zone in the damaged components during welding
such as TIG welding is large, which may cause a large
residual stress and distortion and low mechanical properties
for the final repaired components™. In recent years, based on
the Laser Additive Manufacturing (LAM) process, an
advanced solid free form fabrication, a new advanced repair
technique, laser repair (LR), has been developed. Since LAM
has been employed to fabricate fully dense and three
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dimensions components with high performance and complex
structure, if we set the mis-machining or damaged components
as the substrate, and build up worn sections of metal
components, the geometrical properties and mechanical
properties of the mis-machined or damaged components could
be restored. Compared with the traditional repairing
techniques, LR has the advantages of high automation,
controllable heat input introduced into the damaged
components, metallurgical bonding between the repaired zone
and the body part, and reasonable repairing cost®”. It has
been gradually applied to repair the mis-machining or
damaged components. In Germany, the Fraunhofer Institute of
Laser Technology has repaired the damaged blades of
titanium blisks with LR. They found that the laser deposited
zone (LDZ) microstructure was fully dense with no oxidation
since the process was performed in a sealed chamber filled
with pure argon gas. In addition, the heat-input in the damaged
components during the LR process was less, which caused
less distortion compared with TIG welding. Finally, repaired
parts with excellent performance could be obtained®. In
China, Weidong Huang et al®”! State Key Laboratory of
Solidification Processing of Northwestern Polytechnical
University, had launched the LAM and LR research. Results
show that there is a dense metallurgical bond between the
LDZ and the substrate. The LDZ microstructure is composed
of primary columnar £ grains within which exist a+g
Widmannstatten structures. The results of hardness and room
temperature tensile test show that the LDZ hardness is higher
than that of the wrought matrix; meanwhile, the plasticity of
the LAMed specimens is lower than that of the wrought
specimens. Therefore, the LDZ and the wrought matrix can be
treated as a combination of “strong+weak®*”!. But, currently,
about the relationship between the failure behavior and the
microstructure of LRed TC4 titanium alloy in tensile test is
rarely reported.

In the present paper LAM has been employed to fabricate
repaired specimens with wrought TC4 as the substrate and
TC4 powders with low oxygen (0<0.13wt%) as the cladding
materials. The microstructure and mechanical properties of
TC4 specimens fabricated by LAM and wrought billet were
investigated comparatively.

1 Experiment

The experiments were performed on a LAM system typed
LSF-I11B, established by State Key Laboratory of Solidifi-
cation Processing, which consisted of a 4 kW continuous
wave CO; laser, a five-axis numerical control working table, a
powder feeder with a coaxial nozzle and a chamber filled with
pure argon gas, etc. The substrate was wrought TC4 alloy. The
wrought substrate is composed of duplex microstructure as
shown in Fig.1. The TC4 powders prepared by plasma rotating
electrode with the size of —100 mesh were employed as the
cladding materials. The chemical composition of the substrate
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Fig.1 Microstructure of the TC4 wrought substrate

and the cladding powders are listed in Table 1. The powders
were dried in a vacuum oven for 2 h at (120+10) <C. The
processing parameters of LR are shown in Table 2.

Before the LR experiment, the wrought billet of TC4 alloy
was machined to obtain specimens with a prefabricated
surface defect, as shown in Fig.2a (solid line shows the
specimen with surface defect, dot line shows the LRed tensile
specimen). Then, the surface to be repaired was polished by
abrasive papers and cleaned by acetone. The LAM technique
with mutually perpendicular scanning path was employed to
accomplish the LRed specimens and the height of LDZ was
about 5 mm. The LRed specimens are shown in Fig.2b. The
LRed TC4 alloy specimens were machined into the standard
tensile specimens and the repair ratio was set to 40% and 50%.
Fig.3 shows the geometric figure of a tensile bar. The tensile
properties were tested on a German electronic tensile testing
machine ZWICK according to GB/T228-2010 specification.
After tensile failure, the 40% repaired specimen was sectioned
and got a cross-section at the farthest position from the
fracture within the gauge length for microstructural
observation. The microstructure of the LRed specimens was
revealed using the etchant of 10 mL HF+30 mL HNO3+50 mL
H,O, and examined by an OLYMPUSGX71 optical
microscope. The microhardness of the LRed specimens from
the LDZ to the substrate zone (SZ) was further tested by a
Duramin-A300 microhardness tester with the load of 0.5 kg.
The tensile fracture of the wrought and LRed specimens was
observed by a TESCAN VEGAII LMH scanning electron
microscope.

Table 1 Chemical composition of the TC4 powders and the
wrought substrate (wt%o)
Al \% Fe o) C N H Bal.
Powders 6.10 4.20 0.12 0.08 0.01 0.015 0.009 Ti
Substrate 6.42 3.88 0.20 0.16 0.02 001 0.010 Ti

Table 2 Experiment parameters of the LR process
Scanning  Laser spot Powder

AZl Overlap

elocity/ diameter/ feeding rate/
powder/W v |_31/ I |g_1 mm  rate/%
mm s mm g min
2200 10 2 5 0.3 40,50
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Fig.2 LRed specimens of TC4 alloy: (a) sketch of the specimen with a
prefabricated surface defect and (b) specimens after laser repair
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Fig.3 Geometric figure of the standard tensile testing bar

2 Results and Discussion

2.1 Microstructure of LRed TC4 titanium alloy
Macrostructure of the LRed specimen of TC4 alloy is
shown in Fig.4. In terms of different microstructural charac-
teristic, the LRed specimen can be divided into three zones:
the LDZ, heat affected zone (HAZ) and SZ. The depth of
HAZ is about 0.8 mm.
The LDZ is composed of prior columnar g grains which
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grow epitaxially across several deposition layers (Fig.5a). The
main axes of columnar g grains are perpendicular to the laser
beam scanning direction. The microstructure is obviously
different in different positions of the LDZ. On the top of the
LDZ (Fig.5d), the original £ grain boundaries are blurred, and
no significant o phase is observed on the grain boundaries.
While the intracrystalline o phase presents fine acicular
structure. Meanwhile, at the bottom of the LDZ (Fig.5b), the a
phase presents an appearance of lath and the aspect ratio is
significantly less than that of the top. At the same time, the
grain boundaries are distinct and continuous, where o laths
with a thickness of about 2 pum distribute. The middle of the
LDZ microstructure shows a transformation from the bottom
to the top (Fig.5c). So, on the whole, the LDZ experiences a
continuous microstructural transition from the bottom with the
complex microstructure of blend of basket weave and
Widmannstatten structure to the top with the acicular
Widmannstatten structure.

Fig.6 shows the HAZ microstructure. Overall, the HAZ
experiences a continuous microstructural transition from the
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Fig.4 Macrostructure of the LRed TC4 alloy specimen

Fig.5 LDZ microstructures of different positions for the LRed TC4 alloy: (a) macrostructure, (b) at the bottom, (c) in the middle, and (d) on the top
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Fig.6 HAZ microstructures of the LRed TC4 alloy specimen: (a) close to the interface, (b) middle, and (c) close to the substrate

substrate with the duplex microstructure to the LDZ with the
Widmannstatten structure. During the LR process, in the
substrate close to the LDZ undergoing the reciprocating reheat
cycle, the primary a phase dissolve into the g phase gradually
with the increase of temperature and the fine secondary o
phase precipitate from the g phase with the decrease of
temperature. The o phase on the grain boundaries
interconnected into the network. The closer to the LDZ, the
larger size the equiaxed grains are in the HAZ. In addition, it
can be seen that the secondary « phase precipitated from the g
phase are coarser in the HAZ from the area close to the SZ to
the area near the LDZ.
2.2 Microhardness of LRed TC4 titanium alloy

The microhardness distribution of the LRed TC4 alloy is
shown in Fig.7. It can be seen that the microhardness in the
HAZ achieves a mild peak, with the microhardness (HV)
value of about (3610430) MPa. The SZ presents a similar
micro-hardness value to the LDZ of about (3430450) MPa. It
is attributed to the formation of fine secondary o phase in the
HAZ, which leads to the increase of the microhardness.
2.3 Room temperature tensile properties

The room temperature tensile properties of wrought
specimens and LRed specimens with different repair ratios are
shown in Table 3. It can be seen that the strengths and
ductility of the wrought specimen are slightly higher than
those of the LRed specimens. In this experiment, the oxygen
content of TC4 alloy powder is 0.08wt% and the LR process
is performed in a chamber filled with pure argon gas (O<50
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Fig.7 Microhardness of the LRed TC4 alloy specimen

pL/L). The oxygen content of LDZ is less than 0.09wt%
actually, which is much lower than the oxygen content of
wrought specimen (0.16wt%). As we know, the strength of
titanium alloy would increase by 70 MPa with the oxygen
content increasing by each 0.01wt%. Thus, the tensile strength
of wrought specimen should be much higher than that of the
LRed specimen. On the other hand, the microstructure of the
tensile specimen also affects the mechanical properties. As
discussed above, the microstructure of the wrought specimen
is duplex while that of the LAMed specimen is
Widmannstatten structure, and the former has a lower strength
than the latter™. Thus, the combined effect of two factors
mentioned above leads to the slightly lower strength and
ductility of the LRed TC4 specimens than those of the
wrought specimen. Compared 1# LRed specimen (40% repair
ratio) with 2# LRed specimen (50% repair ratio), it can be seen
that the ultimate and yield strength of 2# LRed specimen are
slightly higher than those of 1# LRed specimen, while the
ductility is lower. It is further evidenced that the strength of
LDZ with Widmannstatten structure is higher than that of the
wrought substrate. Thus, it is favorite to match the strength and
ductility of the substrate with the LDZ as employing low
oxygen TC4 powders as the cladding material, so as to improve
the comprehensive properties of the repaired specimens.
2.4 Tensile fracture

The tensile fracture morphology of wrought and LRed TC4
alloy were further observed. Fig.8 shows the contrast between
macro-fractographies and macrostructure. It can be found that
the tensile fracture of the three specimens show a cup-shape
with obvious plastic deformation, shear lip is obvious and the
ratio of fiber area (the blue region of the envelope) is large.
The tensile fracture of LRed specimens and their macro-
structure show a good corresponding relation. Further
observed in Fig.9, it is found that those high magnification
SEM fractographies are corresponding to the LDZ, HAZ and

Table 3 Room temperature tensile properties of TC4 alloy

Specimens on/MPa ov.2/MPa ol% 1%
Wrought 1032 970 17.0 49.0
1# LRed 1005 927 14.3 345
2# LRed 1013 953 12.5 26.0
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Fig.8 Contrast with tensile fractures and macrostructure:
(al, a2) wrought specimen, (b1, b2) 1# specimen,
and (c1, c2) 2# specimen

SZ with the significantly different fracture characteristics.
Fig.9a gives the micro-fractograph of the LDZ, which shows a
cleavage fracture with considerable cleavage steps and we can
see some small and shallow dimples (Fig.9b). High
magnification SEM images of the HAZ fractograph are also
shown in Fig9c and 9d. It can be seen that the
micro-fractograph of the HAZ presents a quasi-cleavage
fracture with a cleavage and dimple mixed characteristic. The
macro-fractography of the substrate shows a stuffed goose
shape with a great quantity of deep dimples dispersing on the
fracture surface. So, on the whole, when experienced the static
tensile load for LRed specimens, it shows a mixed fracture
transformation from cleavage to dimple continuously which is
corresponding to the continuous microstructural transition
from the epitaxial coarse columnar g with fine Widmanstatten
a+p in the LDZ to the duplex microstructure in the substrate.
Further analyzing the macro-fractographs of LRed
specimens (Fig.8bl, 8b2, 8cl, 8c2), it can be seen that some
regions present the tear ridges which form from the HAZ to
the top of the LDZ. In addition, the substrate also presents the
radiational traces which left behind during the crack

Fig.9 Fractographys of LRed TC4 alloy: (a, b) LDZ, (c, d) HAZ,
and (e, f) SZ

propagation from the HAZ to the substrate. So it can be
inferred that the cracks initiate in the HAZ firstly, and then
extend to the LDZ and the substrate simultaneously. As
mentioned above, the microhardness in the HAZ is slightly
higher than that of the substrate and LDZ, which cause the
HAZ break firstly under the tensile process and become the
source of cracks.

Compared with the macro-fractographs of LRed and
wrought specimens, it is found that the fiber area of LRed
specimens presents an irregular oval shape but the wrought
specimen shows an approximate circularity. And the fiber area
of LDZ is larger than that of SZ of the LRed specimen. It
means that both the size and the shape of the fiber area
significantly change when the LDZ takes part in the tensile
specimen. Since the crack expansion of cleavage stage in the
LDz is faster than that of dimple in the substrate, the
geometric morphology of the fiber area mentioned above is
formed. Further analyzing the fracture of the LRed specimens,
it can be seen that the shear lip of the LDZ is small and that of
the substrate is large. It is also attributed to that crack
propagation is fast in the LDZ, plastic deformation is limited
to a small area at the front of the crack, only when the plastic
deformation is near the surface of the specimen, forming the
shear lip under the shear stress. The area of the fiber area can
be used to assess plastic property of tensile specimens. The
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more the fiber area occupied, the better the ductility was™.

Here, the fraction of the fiber area in the total area of the
fracture is named as R. Thus, the larger the R is, the better the
ductility is for the metal materials. In this experiment, R of the
wrought specimen (R,,) is 0.565, that of 1# LRed specimen (R,)
and 2# LRed specimen (R,) are 0.545 and 0.432, respectively.
So, there are R,>R;>R, Comparing R value of the LRed
specimens with different repair ratios and wrought specimen,
it can be noted that the repair ratio has a great effect on tensile
properties.

3 Conclusions

1) The macrostructure of LRed TC4 titanium alloy can be
divided into three zones: the LDZ, HAZ and SZ. And the LDZ
presents a continuous microstructural transition. At the bottom
of the LRed specimen there is a blend microstructure of
basketweave structure and Widmannstatten structure while at
the top there is an acicular Widmannstatten structure. The
HAZ experiences a continuous microstructural transition from
the wrought substrate with the duplex microstructure to the
LDZ with the Widmannstatten structure.

2) Due to the fine secondary a-phase the HAZ
microhardness is higher than both LDZ and SZ slightly.

3) The strength and ductility of the wrought specimen are
slightly higher than those of the laser repaired specimens.
Meanwhile, the strength of 40% repaired specimen is slightly
less than that of 50% repaired specimen, but the ductility is
higher than that of the latter.

4) The fracture morphology of the wrought TC4 specimen
presents a typical ductile fracture feature with dimple
characteristic. While the LRed TC4 specimen shows a

complex feature with a continuous transformation from a
cleavage fracture in the LDZ to a dimple fracture in the SZ. In
addition, when the LDZ takes part in the tensile specimen, the
size and shape of the fiber area of the LRed specimen change
obviously compared with the wrought specimen.
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