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Hot isostatic pressing (HIP) treatments are traditionally used to seal internal porosity, because defects
exist in as-built Ti-6Al-4V parts produced by electron-beam melting powder-bed fusion. Standard HIP
treatment of Ti-6Al-4V parts results in decreased strength due to coarsening of the microstructure. We
present a new HIP strategy with the following steps: hold above the b-transus, rapid quenching, and tem-
pering. This new HIP treatment seals internal porosity, causes a columnar-to-equiaxed transition in mor-
phology of prior-b grains, changes the a lath aspect ratio, removes microstructural heterogeneities and
matches the yield and ultimate tensile strength of the as-built condition.

Published by Elsevier B.V.
1. Introduction

Additive manufacturing (AM) of Ti-6Al-4V parts is advanta-
geous for aerospace and biomedical device industries, since this
layer-by-layer fabrication method produces complex parts in a
fraction of the time with less material waste (as compared to con-
ventional manufacturing methods) [1]. However, electron-beam
melting powder-bed fusion (EBM-PBF) of Ti-6Al-4V parts inher-
ently produces elongated prior-b grains and anisotropic mechani-
cal properties [2]. Other defects created during AM include gas
pores and lack-of-fusion pores, which are detrimental to fatigue
and fracture critical applications [3]. Internal porosity can be
sealed during a hot isostatic pressing (HIP) treatment if the com-
pressive stress induced by the HIP pressure is greater than the
yield strength of the material at the HIP temperature [4]. All stan-
dard HIP treatments [5] of Ti-6Al-4V fall below the b-transus [6]
(here defined as a sub-btr HIP) and typically include slow cooling
rates. During these standard sub-btr HIP treatments, coarsening
of grain boundary a and nucleation of coarse intra-granular a laths
occurs [7], which results in a decrease in yield and ultimate tensile
strength (from a Hall-Petch effect [8]), with respect to the as-built
condition. Reduction in strength from a sub-btr HIP treatment has
been reported for many of the common AM processes [9,10]. Also,
sub-btr HIP treatments do not change the elongated prior-b grain
morphology [11]. Here, we demonstrate the effectiveness of a
new HIP treatment strategy designed to seal internal porosity, pro-
duce equiaxed prior-b grains, remove microstructural hetero-
geneities, and match the strength of the as-built condition.
Specifically, the new HIP treatment (subsequently referred to as
the super-btr + temper HIP) includes a rapid quench from above
the b-transus and a secondary tempering step.
2. Material and methods

Eighteen Ti-6Al-4V parts (35 mm � 25 mm � 15 mm) were fab-
ricated with an Arcam1 A1 machine (software version 3.2.132,
60 kV, 50 mm layer thickness, speed factor of 35) and Arcam Ti-
6Al-4 V gas-atomized powder (70 mm average diameter). Six parts
were left in the as-built condition and six parts were given a stan-
dard sub-btr HIP treatment (900 �C, 100 MPa, 2 h, Ar environment,
12 �C/min heating and cooling rates). The remaining six parts were
given a super-btr + temper HIP treatment (super-btr: 1050 �C,
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100 MPa, 2 h, Ar environment, 12 �C/min heating rate and approxi-
mately 1600 �C/min cooling rate achieved between 1050 �C and
500 �C; temper: 800 �C, 30 MPa, 2 h, Ar environment, 12 �C/min
heating and cooling rates). Ten tensile specimens (12.7 mm total
length, 3 mm gage length, 2.54 mm gage width, and 1.27 mm thick-
ness) were excised with electrical discharge machining (tensile
direction parallel to build direction) and deformed at a strain rate
of 1 � 10�3 s�1. An analysis of variance (ANOVA) was completed
with InStat software and used to test the null hypotheses that the
tensile properties were equal across material conditions; signifi-
cance is defined as p < 0.01.

Samples from each material condition were prepared by
mechanical polishing, using 50 nm colloidal silica in the final step.
Microstructural characterization and fractography were performed
using a field-emission scanning electron microscope (20 kV). Four
backscattered electron (BSE) images were captured from random
areas (per material condition) for manual a lath thickness mea-
surements (30/image). Samples of each material condition were
Fig. 1. Backscattered electron images (Z is the build direction) were recorded for the fol
arrow in a) identifies a gas pore. In the b/d/f) higher magnification images, b is the brig
analyzed for internal porosity with an X-ray computed tomogra-
phy (CT) machine (160 kV, 10 W, 1 lm voxel size).

3. Results and discussion

Large spherical pores observed in the as-built condition (Fig. 1a)
were no longer visible in both the sub-btr HIP (Fig. 1c) and super-
btr + temper HIP (Fig. 1e) conditions. The as-built and sub-btr HIP
conditions both contained prior-b grains elongated in the build
direction (Fig. 1a and c), whereas the prior-b grains in the super-
btr + temper HIP condition (Fig. 1e) were equiaxed (indicating
recrystallization). Since elongated prior-b grains lead to anisotropic
mechanical properties in EBM-PBF Ti-6Al-4V parts [11], it is rea-
sonable to expect that the super-btr + temper HIP condition should
exhibit isotropic tensile properties.

The microstructures of the as-built and sub-btr HIP conditions
are composed of a laths (dark regions) arranged in a Wid-
manstätten pattern with b ribs (bright lines) situated between a
lowing conditions: a/b) as-built c/d) sub-btr HIP and e/f) super-btr + temper HIP. An
ht phase and a is the dark phase.
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laths, and b spots (bright spots) located within a laths (Fig. 1b and
d). The as-built a lath thickness was 1.16 lm ± 0.26 lm. Clear
coarsening of a laths occurred after the sub-btr HIP treatment
(Fig. 1d) and produced an a lath thickness of 2.17 lm ± 0.51 lm.
After super-btr + temper HIP treatment, the a lath thickness
(1.20 lm ± 0.32 lm) was not significantly different than the as-
built condition. The thin a lath thickness is a direct result of apply-
ing a sufficiently fast cooling rate when quenching from above the
b-transus. Another benefit of the super-btr + temper HIP treatment
was a significant increase in the a lath aspect ratio (another sign of
recrystallization) with respect to the as-built condition (lengths of
the a laths increased from approximately 5 lm to 50 lm).

X-ray CT revealed spherical gas pores (Fig. 2a), but no flat lack-
of-fusion pores in the as-built condition. Porosity comprised 0.21%
of the as-built volume, but pores were not detected above the min-
imum resolvable feature size (approximately 3 lm) by X-ray CT for
either of the HIP conditions. However, BSE images of the sub-btr
HIP condition revealed gas pores on the order of 0.9 mm in diameter
(Fig. 2c). The small gas pore in Fig. 2c was observed near the center
of a group of equiaxed a grains (considered a microstructural
heterogeneity in the context of a predominantly Widmanstätten
microstructure). These regions of equiaxed a grains were only
observed in the sub-btr HIP condition (in multiple areas across
multiple builds), meaning all heterogeneities were erased in the
super-btr + temper HIP treatment.
Fig. 2. a) 3-dimensional reconstruction of pore population (X-ray CT) in the as-built con
images recorded from the sub-btr HIP condition show c) a small gas pore not detected b

Table 1
Chemistry of Ti-6Al-4 V parts (% by mass) before and after HIP treatments (measurement

Material condition Ti % Al % V %

As-built balance 5.82 4.0
sub HIP balance 5.87 4.0
super-b + temper HIP balance 5.78 4.0
The HIP treatments did not substantially change the mass frac-
tion for any of the main substitutional elements (Table 1). While
the oxygen content increased after both HIP treatments, the result-
ing increase in strength is estimated to be 11 MPa [13] and thus
does not have a strong effect on mechanical properties. Fig. 3a
shows a representative engineering stress–strain response for all
material conditions. Fractography (Fig. 3b–d) revealed microvoid
coalescence on all fracture surfaces in all material conditions.
Spherical gas pores were clearly visible on the fracture surface in
the as-built condition, while possible remnants of gas pores or
other heterogeneities were visible on fracture surfaces for the
sub-btr HIP condition. While the macroscopic features observed
on fracture surfaces for the super-btr + temper HIP condition were
more faceted, no gas pores or heterogeneities were observed.

The 0.2% offset yield strength (YS), ultimate tensile strength
(UTS), uniform elongation (UE) and total elongation (TE) of the
as-built condition were 879 MPa ± 4 MPa, 981 MPa ± 5 MPa,
0.095 ± 0.004 and 0.278 ± 0.028, respectively. The sub-btr HIP treat-
ment produced a significant reduction in YS (4.7% decrease) and
UTS (3.1% decrease), most likely due to coarsening of grain bound-
ary a and nucleation of coarse intra-granular a laths [7]. A signif-
icant increase (11%) in TE (Fig. 3f) was noted for the sub-btr HIP
treatment. However, the super-btr + temper HIP condition pro-
duced the greatest average YS and UTS (885 MPa ± 6 MPa and
985 MPa ± 12 MPa). Notably, the YS and UTS of the super-
dition and the b) corresponding population distribution. c/d) Backscattered electron
y X-ray CT (see arrow) and c/d) groups of equiaxed a grains.

s conform to ASTM B348-13 [12]).

Fe % O % C % N % H %

0.20 0.100 0.01 0.01 0.001
0.20 0.110 0.01 0.01 0.001
0.20 0.115 0.01 0.01 0.012



Fig. 3. a) Representative engineering stress–strain curves for all material conditions. Secondary electron images were recorded from the fracture surfaces for the following
conditions: b) as-built, c) sub-btr HIP and d) super-btr + temper HIP. Bar charts of e/f) tensile properties highlight differences between all conditions (error bars represent one
standard deviation). All differences are significant unless noted as non-significant (NS).
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btr + temper HIP condition were not statistically different from the
as-built condition.
4. Conclusions

Current limitations of standard sub-btr HIP treatments include
retention of elongated prior-b grain morphologies and a reduction
in strength with respect to the as-built condition. Our work shows
how a new HIP strategy (rapid quench from above the b-transus
and tempering) not only seals porosity, but also maintains a lath
thicknesses (1.20 lm ± 0.32 lm), plus yield and ultimate tensile
strengths (885 MPa ± 6 MPa and 985 MPa ± 12 MPa) that are not
statistically different from the as-built condition. This super-
btr + temper HIP treatment also produces equiaxed prior-b grains,
causes an increase in a lath aspect ratio, and removes microstruc-
tural heterogeneities.
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