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An alternative vacuum heat-treatment cycle, considering all 
the technical aspects of additive manufacturing, can be used 
to save time and money.
By DEAN KOUPRIANOFF and WILLIE DU PREEZ

he unique microstructure of Ti6Al4V produced through 
laser powder bed fusion (LPBF) displays high-tensile 
strength with low elongation in the as-built state. To 
obtain desired material properties that comply with 

standards for Ti6Al4V products, further post-processing is needed. 
Conventional practice prescribes that the required tensile properties 
can be achieved with time-consuming post-processing heat treatment 
of LPBF parts, most of which use air or water quenching that causes 
surface modification, such as oxidation, when applied to Ti6Al4V. The 
aim of this work was to develop an alternative heat-treatment process 
that would retain the benefit of additive manufacturing (AM) but 
reduce the related processing time and cost, while still complying 
with the part property specifications. A new heat-treatment cycle was 
hypothesized and tailored, resulting from a critical analysis of cur-
rent practice found in literature and practiced in the Centre for Rapid 
Prototyping and Manufacturing (CRPM) of the Central University 
of Technology, Free State, based on the need for a quick and cost-
effective cycle. By comparing the obtained material properties and 
microstructure with those of other common heat treatments, the 
cycle was found to be faster, lasting only four hours in total, and the 
material properties were superior to those of existing cycles. A high 
yield stress of 987 MPa was obtained while retaining a good elonga-
tion of 16 percent.

1 INTRODUCTION
The additive manufacturing (AM) application market is growing con-
siderably for medical and aerospace applications [1]. Titanium alloys 
such as Ti6Al4V are especially desired due to the established market, 
biocompatibility, and high specific strength. Ti6Al4V is an alpha (hcp) 
+ beta (bcc) alloy, which, depending on the processing, can deliver 
Widmanstätten, equiaxed, and bimodal microstructures with vari-
ous microstructural parameters, all of which affect the mechanical 
properties [2]. Martensite formation in Ti6Al4V is based on the forma-
tion of an alpha phase supersaturated with substitutional vanadium 
during rapid cooling. Martensite decomposition generally follows a 
path of depleting the supersaturated vanadium in the alpha phase 
through precipitation of the beta phase along the grain boundaries 
upon heating. The ultra-fine martensitic microstructures with colum-
nar prior-beta grains are unique to laser AM processes and differ for 
each specific process and parameter set [3]. Therefore, considerable 
research continues to qualify AM parts made from Ti6Al4V for medi-
cal implants and aerospace components. How the AM processes influ-
ence the microstructure is an important factor being investigated. 
More specifically, for certifying AM, many topical standards, includ-
ing post-processing, are lacking [4], [5], [6]. Aerospace requires good 
tensile and fatigue properties. Ensuring the material complies with 
these standards will allow acceptance and safe implementation in 
safety-critical applications such as aircraft structural components. 
Many different post-processing heat treatments have been investi-
gated to obtain the desired properties. Not only should these meet 

the required standards but for implementation in industry, three 
important factors related to laser powder bed fusion (LPBF) must be 
considered: residual stress, the feasibility of removing surface con-
tamination resulting from thermal post-processing, and time.

It is important to tailor the microstructure and resulting mechani-
cal properties of LPBF Ti6Al4V parts for specific industrial applica-
tions. Conventional heat treatment of Ti6Al4V does not apply for 
LPBF Ti6Al4V because the microstructure of LPBF parts differs from 
that of forged and cast Ti6Al4V. One of the important differences 
is that as-built LPBF Ti6Al4V parts display a very fine martensitic 
microstructure. This results from the kinetics during LPBF of Ti6Al4V, 
which differ from conventional forming processes [7]. Due to rapid 
solidification, various effects arise — among these are the genera-
tion of martensitic microstructure, induction of residual stresses, and 
formation of non-equilibrium phases [8], [9], [10]. The typical as-built 
yield strength for Ti6Al4V is approximately 1,150 MPa with 6.5% elon-
gation [11]. The Ti6Al4V(ELI) specification for powder bed fusion pro-
cesses (ASTM F3001–14) specifies that the minimum tensile strength, 
yield strength (YS) and elongation values for the thermally treated 
condition are 825 MPa, 760 MPa, and 8%, respectively, for both the 
horizontal- and vertical-build directions [12]. When comparing the as-
built (AB) values of the mechanical properties reported by the authors 
mentioned above to the ASTM F3001–14 values, the AB exceeds the 
strength requirement significantly but does not meet the ductility 
requirement.

As-built LPBF Ti6Al4V parts usually consist of columnar prior-beta 
grains filled with extremely fine acicular a’ martensite. The fine a’ 
martensite obtained during LPBF differs from conventional a’ mar-
tensite in the sense that the spacing is tight, with many dislocations 
and twins obstructing dislocation movement and therefore reducing 
ductility. Columnar prior-beta grain boundaries favor intergranular 
failure, which decreases ductility along with the negative effects 
of mechanical anisotropy and limited fatigue life. The cooling rate 
strongly influences the prior-beta grain size and the morphology of 
the a phase [13], [14].

Stress relieving to avoid distortion is a critical part of the LPBF 
process. Residual stress and microstructure greatly influence the 
fatigue properties and crack growth of titanium alloys. Van Zyl et 
al. [15] measured residual stress near the top surface of LPBF Ti6Al4V 
as-built samples attached to the substrate. Residual stresses were ten-
sile and in the range of 200–800 MPa. A stress of 800 MPa is only 30 
MPa below the typical YS of annealed Ti6Al4V(ELI). Distortion can 
occur and cracks can initiate when removing the component from 
the substrate on which it was produced without prior stress-relieving 
heat treatment.

Therefore, stress relieving should be applied before removing the 
parts from the substrate. The standards AMS 2801 and SAE H81200 
provide guidance on stress relief. Ter Haar and Becker (2020) found 
that, for stress-relieving temperatures above 560°C, 90% of the resid-
ual stress in LPBF parts was relieved and proposed a higher tempera-
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ture of 650°C to give the best ductility. These findings are similar to 
those found for conventional Ti6Al4V stress-relieving temperatures 
given by Donachie (2000), who proposed that titanium stress relieving 
be done at temperatures between 480°C and 650°C for a time of one 
to four hours, resulting in more than 70% of the residual stress being 
relieved in the first hour. Ter Haar and Becker [16] also showed these 
stress-relieving temperatures (427-610°C) with long holding times 
could lead to the decomposition of martensite, but this resulted in 
embrittlement of the material due to fine b phase precipitates formed 
at a/a’ grain boundaries.

The temperature at which SR occurs is not as critical as ensur-
ing uniform temperature distribution upon cooling, especially from 
480°C to 351°C. Stress relieving can be omitted if high-temperature 
annealing is carried out [2], [17].

To modify the LPBF microstructure, 
high-temperature annealing is employed. 
A well-known work by Vrancken et al. [7], 
in which many different heat treatments 
were investigated, found that no significant 
grain growth occurred for temperatures 
well below the beta transus. The fine a and 
b grain interfaces were found to limit grain 
growth. Only at 850°C did noticeable grain 
growth effects start to arise. When cooling 
from 850°C, because of the large fraction 
of α phase present, no significant change 
in microstructure was seen with a change 
in cooling rate. Contrary to conventional 
Ti6Al4V manufacturing methods, for which 
an increase in heat-treating temperature 
decreases the elongation with an increase 
in YS [2], with LPBF, the elongation values 
increase with an increase in annealing tem-
perature at the expense of YS. Similarly, time 
spent below the beta transus had no signifi-
cant effect on the grain growth, or, rather, 
no large grains were obtained, and the lami-
nar structure remained. Even after consider-
able time, the laths were still relatively small, 
although they might have become less elon-
gated [18], [19].

For LPBF, Yadroitsev et al. [20] showed that 
a globular microstructure could be obtained 
at higher temperatures and holding time. In 
their work, they obtained a globular micro-
structure by heating to 50°C below the beta 
transus, followed by a water quench. Ter 
Haar and Becker [21] suggested the optimal 
heat treatment for LPBF was a duplex anneal consisting of 910°C for 
eight hours, followed by a water quench and thereafter 750°C for four 
hours, followed by furnace cooling. Interestingly, they were able to 
produce a bi-modal microstructure with ultimate tensile stress (UTS) 
and elongation above 900 MPa and 15%, respectively. However, these 
two above-mentioned heat treatments are not feasible solutions for 
parts that cannot be machined or descaled because they also increase 
the post-processing time.

Some more recent approaches were from Sabban et al. [22], who 
obtained a globularized microstructure by cycling at between 975°C 
and 875°C with slow cooling between the cycles. Another team [23] 
was able to produce samples with quasi-equiaxed microstructures by 
using rapid heat treatment above the beta transus. Here, the refine-
ment of prior-beta grain boundaries was reported for the first time. 

Baker et al. [24] proposed to the LPBF community that terminology 
that accurately describes the heat treatment history was needed. 
The term “high-temperature anneal” was proposed for fully lamel-
lar microstructure. This need for new nomenclature confirmed the 
development and growth in the field of LPBF post-processing.

To avoid oxygen pick-up, heat treatments can be done in a vacuum. 
The heat-treatment standard for Ti6Al4V LPBF (ASTM F3301–18a, 4: 

“Thermal Post-Processing Requirements”) specifies that heat treat-
ments should be carried out according to the conventional standard: 
AMS 2801 “Heat treatment of Titanium Alloy Parts” [25]. In AMS 2801, 
it is specified that (Notes: 8.5) to avoid surface contamination, parts 
should not be exposed to air above 204°C. In addition, AMS 2801 
requires descaling for parts heated above 538°C in an environment 
other than an inert atmosphere or vacuum. Consequently, due to the 

Name	 Ramp rate	 Soak temp	 Soak time	 Cooling rate
	 (°C/h)	 (°C)	 (h)	 (°C/h)

650-SR 	 200 	 650 	 3 	 Furnace

850-ANN 	 200 	 850 	 2 	 Furnace

895-ANN 	 200 	 895 	 2 	 Furnace

940-ANN 	 200 	 940 	 2 	 Furnace

650-SR&940-ANN	 200 	 650, 940 	 3,2 	 Furnace

940-ANNGQ 	 200 	 940

New-cycle 	 Described below 		  2 	 Gas quench

Table 1: Ti6Al4V heat treatment cycle times and temperatures.

Figure 1: Ti6Al4V substrate with unmachined tensile rods and cantilevers inside the vacuum chamber. A 
typical machined tensile specimen is shown at the top right, and the cantilever specimen dimensions are at 
the bottom.

	 Al	  V 	 Fe 	 O 	 C 	 N 	 H
ASTM F 3001–14 	 5.5–6.5 	 3.5–4.5 	 <0.25 	 <0.13 	 <0.08 	 <0.05 	 <0.012

Current work 	 6.47 	 4.12 	 0.19 	 0.09 	 0.01 	 0.01 	 0.002

Table 2: Ti6Al4V(ELI) chemical composition and ASTM F 3001–14 requirements.
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nature of LPBF, which has the advantage of directly delivering the net 
shape of a final part with complex geometry, conventional removal 
of surface oxides is normally not a feasible solution. Therefore, many 
of the suggested post-processes found in literature are not practical 
solutions for industries such as aerospace. While AMS 2801 specifies 
that stress relieving (SR) should consist of soaking at 593°C for two 
hours and annealing at 704°C for two hours, both occur above the 
temperature where descaling is required in the same standard. This 
implies that for LPBF of Ti6Al4V, only inert or vacuum atmospheres 
are suitable. Accordingly, AMS 2801 addresses this point by specify-
ing that parts with net dimensions shall not be heated above 538°C in 
air or non-inert atmosphere furnaces unless coated with a protective 
coating, which is not always feasible with LPBF.

From the preceding discussion, vacuum heat treatment of tita-

nium alloys is evidently the best solution because it has the benefits 
of not only removing contaminants from the atmosphere but also 
dissociating surface oxides. The use of vacuum heat treatment is also 
highly recommended by EOS to avoid the formation of alpha case on 
the surface of the parts [26].

Among the authors, the most common heat treatment that deliv-
ers good YS and elongation values (ASTM F3001–14: minimum of 825 
MPa and 8%, respectively) seems to be a single-cycle heat treatment at 
850-950°C followed by furnace cooling [7], [26], [27], [28], [29].

Despite their general acceptance, these thermal treatment cycles 
are still time-consuming and dependent on ramping rates, holding 
time/temperature and the cooling method used. Changes in these 
parameters result in different material properties; therefore, con-
siderable care must be taken when altering these cycles. Typically, 
these heat-treatment cycles take more than nine hours to complete, 
implying that at least one day or night is needed for the parts to be 
thermally processed.

Therefore, the current study was undertaken to address the need 
for an alternative heat-treatment cycle that 
would reduce heat-treatment time and cost 
for the Centre for Rapid Prototyping and 
Manufacturing (CRPM) clients while still 
achieving the required properties. Assuming 
that the b grain growth is dependent on dif-
fusion through its own grain boundary and 
that no considerable diffusion takes place 
below 750°C, a short time above this tem-
perature is needed for the supersaturated 
elements to travel the length of the minor 
axis required for martensite to decompose 
into lamellar a + b. This will retain the fine 
microstructure but lead to increased ductil-
ity. Yang et al. [14] were the first to show the 
development of the hierarchical structure of 
LPBF a’ martensite (primary, secondary, ter-
nary and quartic) caused by the thermal his-
tory. The hierarchical structure of acicular 
a’ grains has an aspect ratio of between 10 
and 20, with the minor axis of the primary 
a’ and quartic a’ being ∼1-3 µm and 10-20 
nm, respectively [14], [21]. The thinnest a 
martensite (quartic a’) is smaller than 20 
nm; thus, a very short diffusion path is pres-
ent for the supersaturated atoms to travel 
within the grain and form the b phase on its 
grain boundary. Ti6Al4V has no significant 
diffusion below 750°C, but at 940°C the dif-
fusion rate is approximately 0.07 µm2/s and 

0.05 µm2/s for aluminum and vanadium in b titanium, respectively 
[30]. Even when considering the worst case, for large primary a’ of 1 
µm width and assuming only bulk diffusion of vanadium, the atoms 
at the grain center need to travel half the minor axis (0.5 µm). This 
equates to a rough estimate of ∼10 s to traverse this distance. It shows 
the desired fine lamellar a + b morphology can be obtained in a very 
short time.

This rough calculation is based on bulk diffusion rates and does 
not consider factors such as the transient non-equilibrium chemical 
composition, as the supersaturated bulk initially rearranges atoms 
to precipitate in seed phases. At 882°C, the solubility of vanadium in 
a-Ti is zero; therefore, rapid rearrangement of atoms and b precipita-
tion on the grain boundaries can be expected. Fine microstructural 
features like vacancies, high dislocation, and twin density will sig-

Figure 2: Charpy impact test specimen bars with a typical fractured specimen, 
as well as tensile test specimen cylinders on the substrate in the furnace 
chamber.

Figure 3: Yield stress vs % elongation for each cycle.

Figure 4: Engineering tensile properties of different heat treatments (stress on primary axis and elongation 
on secondary axis).
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nificantly increase the diffusion rate due to grain boundary diffu-
sion. Although the diffusion calculation is a simplified analysis, it 
shows that even for the slower bulk diffusion mechanism, only short 
times are needed at this temperature for the transformation, and it 
can be expected that the actual decomposition will be much faster. 
These short times reduce grain growth, leading to desirable fine 
microstructures as it increases material properties and can be par-
ticularly beneficial for fatigue and fracture mechanics. Additionally, 
since the sections of AM parts are generally smaller than industrial 
Ti6Al4V sections, there is no need for temperature soaking to ensure 
temperature uniformity. Therefore, the authors propose the use of 
a very short thermal treatment that would not only save time and 
money for the clients of the CRPM but would produce exceptional 
microstructural and material properties. This study compared these 
properties to those obtained through some of the most common post-
heat treatments implemented in the AM industry.

2 METHODOLOGY
To compare the hypothesized cycle with conventional annealing 
(ANN) cycles found in literature, the cycles shown in Table 1 were 
investigated. Table 1 shows the heating 
parameters for each investigated cycle, 
hereafter referred to as 650-SR, 850-ANN, 
895-ANN, 940-ANN, 650-SR&940-ANN, 940-
ANNGQ and New-cycle, respectively.

The New-cycle consisted of ramping to 
600°C at 300 °C/h, then ramping to 940°C 
at 637.5°C/h, followed by immediately ramp-
ing down to 600°C at 637.5°C/h. This was fol-
lowed by a furnace cool to 400°C. On reach-
ing 400°C, argon gas was introduced and kept 
stationary until 300°C was reached, whereaf-
ter, the quick-cooling fan was turned on for 
cooling to room temperature.

The vacuum heat treatment was car-
ried out using a T-M Vacuum Products Inc. 
SS12/24–13MDX vacuum furnace operated 
consistently at vacuum levels < 0.01 µm 
Hg, which exceeds the recommended (AMS 
2801B) level of 0.1 µm Hg. The vacuum 
chamber with the platform on which the 
Ti6Al4V(ELI) test specimens were loaded is 
shown in Figure 1.

Test specimens of Ti6Al4V(ELI) were pro-
duced in an EOS M290 DMLS machine at stan-
dard EOS Ti6Al4V process parameters laser 
power: 280 W, scanning speed: 1,300 m/s, 
hatch distance: 150 µm and layer thick-
ness: 40 µm from powder with the chemical 
composition shown in Table 2. The equiva-
lent diameters (by volume) of the powder 
particles were d10 = 31 µm, d50 = 49 µm and 
d90 = 75 µm.

For each of the above-mentioned cycles, 
three cantilever specimens (dimensions 
shown in the diagram in Figure 1) and three 
vertical test specimen rods (aligned with the 
Z-axis of the machine) were manufactured 
and then heat treated. After each cycle, the T-shaped cantilevers 
were cut from the baseplate and the deformation was measured to 
compare the effectiveness of stress relief for each cycle. This mea-
surement indicated the magnitude of residual stress in the mate-

rial after removal: the cantilever deflection is caused by the stress, 
which can deform the material after cutting the anchor points  
from the substrate. The amount of strain was shown to be directly 
proportional to the residual stress [31], [32], [33]. The cylindrical rods 

Figure 5: SEM micrograph of a cross-section of an as-built specimen in the XY 
plane.

Figure 6: SEM micrographs of horizontal cross-sections (X-Y plane) showing the microstructures resulting 
from the corresponding heat treatment cycles.
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were machined according to ASTM E8 to produce tensile specimens 
with a gauge length of 16 mm. For microstructural analysis, the 
threaded ends of the tensile specimens were cut, polished, and 
etched with Kroll’s reagent. A JEOL JSM-7800 F was used for scanning 
electron microscopy (SEM) and backscattered electron (BSE) imag-
ing of the microstructure and fracture surfaces. The grain width of  
the lathes in the microstructures was measured with ImageJ soft-
ware. To compare the impact of microstructural features of the 
different cycles, Vickers microhardness measurements were done 
at 3 N for 10 s on representative specimens from each type of heat 
treatment cycle.

Charpy impact testing was also done for the New-cycle, along 
with more tensile tests, resulting in 12 vertical tensile specimens 
from three different build orientations and treatments. Both the 
Charpy impact and tensile testing were performed on test speci-
mens orientated in the vertical and horizontal building directions. 
The impact specimens were 100 × 10×10 mm with machined v-notch-
es (see Figure 2). The 650-SR&940-ANN data was also obtained from 
five specimens, implying that the tensile properties and standard 
deviation data for the New-cycle and 650-SR&940-ANN were statisti-

cally more reliable.

3 RESULTS
None of the cantilevers used in the different 
heat-treatment cycles showed any deflection, 
confirming that all the cycles sufficiently 
relieved residual stresses. Figure 3 shows 
the yield stress versus the % elongation for 
each cycle.

Figure 3 shows the New-cycle performed 
well with 16.1% elongation and the highest 
yield stress of all the HTA specimens. For 
the 650-SR&940-ANN specimens, the addi-
tional stress-relieving cycle seemed to have 
no impact on the final material properties, 
which were very similar to those of the single 
940-ANNGQ. This is shown more clearly in 
Figure 4, with the property values and stan-
dard deviations being similar for 940-ANN 
and 650-SR&940-ANN.

For the different HTA cycles, both the YS 
and UTS decrease with an increase in temper-
ature. A significant increase in elongation is 
seen in the temperature range of 895-940°C, 
while a drop in elongation is seen between 
850°C and 895°C, which has the same tem-
perature range. This will be discussed in 
more detail later. The elongation of the 650-
SR is the lowest because the alloy still has 

a martensitic microstructure (see Figure 5, Figure 6). On the other 
hand, the 650-SR specimens have the highest UTS, being 140 MPa 
above that of the 850-ANN specimens. For the 940-ANNGQ, the gas 
quench from the high temperature seemed to have had no impact 
on the strength when compared to furnace cooling from the same 
temperature. However, the 940-ANNGQ specimens did have slightly 
lower average elongation than the 940-ANN specimens.

Figure 5 shows the well-known, as-built fine martensite structure 
obtained by the LPBF process.

The corresponding microstructures of the other heat-treatment 
cycles can be seen in Figure 6. The AB and 650-SR microstructures 
are similar (Figure 5, Figure 6) in the sense that the fine needle-like 
microstructure is retained.

For the 940-ANNGQ cycle, the gas quench reintroduced high cool-
ing rates, and its microstructure in Figure 6 shows that the 940°C 
anneal, followed by the higher cooling rate (gas quench), compared 
to the 940-ANN with furnace cool, did exhibit the same size of laths, 
but with sharper needle-like martensite shape.

For the New-cycle, some hierarchical a’ substructures were still 
present, as shown in Figure 7. Here the smaller laths are clearly ori-
entated to the larger ones indicating that the shape of the starting 
grain structure has been retained.

Figure 8 shows optical microscopy (OM) micrographs of cross-
sections of the 850-ANN and the New-cycle specimens, which both 
display a fine a  + b microstructure, although the 850-ANN is coarser 
due to the longer annealing time, which allowed the finer laths to 
be dissolved into adjacent grains (also compare the SEM images of 
850-ANN and New-cycle in Figure 6). This New-cycle microstructure 
correlates with the EOS Titanium Ti64 Grade 23 material data sheet, 
which specifies that for a heat treatment of “120 min ( ±30 min) at 
800°C ( ±10°C) measured from the part in vacuum (1.3  × 10-3 −1.3 × 
10-5 mbar) followed by cooling under vacuum” the microstructure 
will consist of “fine alpha + beta (a + b) phase” [26].

Figure 9: Microhardness vs UTS in the X-Y plane of the different cycles.

Figure 7: SEM micrographs of New-cycle showing alpha twin fragmentation indicated by arrows (left) and 
higher magnification of the square region (right).

Figure 8: OM micrographs of 850-ANN (left) and New-cycle (right).
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Heat treatment, which resulted in martensite decomposition 
into a fine alpha + beta microstructure, was between 800°C and 
850°C. This is consistent with other findings [34], [35], [36]. It con-
firms that the fine microstructure obtained during the New-cycle 
was similar, although finer, than that of the other studies that used 
heat treatments between 800°C and 850°C. The finer a + b structure 
of the New-cycle promoted grain boundary 
strengthening and, hence, led to a higher 
yield stress than that of the 850-ANN. This 
was confirmed by the increased microhard-
ness shown in Figure 9. The mean widths of 
the a laths in the microstructures obtained 
with the different heat treatments are given 
in Table 3.

The LPBF microstructure of Ti6Al4V(ELI) 
seemed to follow a Hall-Petch relation-
ship in the sense that the fine martensitic  
grain structures showed the highest UTS,  
and as the size of the grains increased (as  
seen in Figure 6), the UTS and hardness  
decreased.

The microhardness trend seen in Figure 
9 is similar to that reported by Malka-
Markovitz et al. (2016), who reported that 
the hardness decreased as the marten- 
site decomposed to a between the tempera-
tures of 650°C (SR) and 850°C, but then from 
850°C upward, the hardness increased as 
the a evolved into a bi-phasic a + b micro-
structure. Subsequently, a drop in hardness 
follows again with an increase in tempera-
ture as observed between 895°C and 940°C, 
which is due to the fine a + b microstruc-
ture that coarsened, resulting in a drop in hardness.

BSE images of the cross-sections of the specimens that have 
undergone the three annealing temperatures and the New-cycle 
are shown in Figure 10. A clear difference can be seen in the width 
and length of the laths resulting from the different cycles. The 940-
ANN developed very long laths, with one long one clearly visible in 
the middle of the micrograph.

The microstructure in the XZ plane retains the columnar prior-
beta grain morphology after the New-cycle heat treatment, as shown 
in Figure 11. The measured microhardness values were constant 
across the cross-section of the threaded section of a tensile speci-
men, as shown in Figure 11.

The New-cycle specimens had good impact toughness, as shown 
in Table 4. The lower impact toughness in the horizontal direction 
can be attributed to the directionality of the prior-beta columns 
leading to preferential crack propagation. It should be noted that, 
although the horizontal property values were lower than the vertical 
values for both the tensile and impact toughness, they exceeded the 
requirements of the Aerospace Specification Material for annealed 
Ti6Al4V(ELI) [37].

Fracture surfaces for both the vertical and horizontal impact 
specimens were the same. The fracture surfaces were flat and very 
smooth, with shear lips, as shown in Figure 12.

Similar to the grains’ size reduction seen in the micrographs 
between the 940-ANN, 850-ANN and the New-cycle, the fractography 
of the tensile specimens showed the dimple sizes decreasing with 
temperature, as depicted in Figure 12. All specimens fractured in a 
ductile mode, and the fracture surface of the New-cycle showed the 
smallest dimples with a very uniform topography.

4 DISCUSSION

4.1 Material properties
For the New-cycle, the vertically orientated specimens performed 
slightly better than the horizontally orientated ones, which had lower 

		  850-ANN	 895-ANN	 940-ANN	 New-Cycle
A lath width (μm)	 mean	 1.4	 1.2	 2.5	 0.5

	 stdev	 0.6	 0.5	 0.8	 0.3

Table 3: Width of alpha laths for 940-ANN, 895-ANN, 850-ANN and New-
cycle.

Figure 11: Vertical (XZ plane) cross-section and microhardness across the 
threaded section of a New-cycle tensile specimen.

Table 4: V-notch impact toughness at 22 °C of a specimen submitted to the 
New-cycle heat treatment.

Figure 10: X-Y plane BSE images of 940-ANN, 895-ANN, 850-ANN and New-cycle (alpha = dark grey; beta 
= white).

	 Horizontal 	 Vertical

Impact toughness (J) 	 26.0 ± 2.0 	 33.3 ± 2.3
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elongation. This anisotropic nature of the tensile properties agrees 
with other findings [26], [35], [38], [39].

The vertical tensile properties reported by EOS for HTA at 800 for 
two hours are 980 MPa, 1050 MPa and 15% for YS0.2, UTS, and elonga-
tion, respectively [26]. When considering the tensile results of the 
different heat treatments in Figure 4, the tensile properties resulting 
from New-cycle compare or exceed those reported by EOS and others 
[7], [21], [23], [26]. The 850-ANN shows an even higher elongation value 
with a slightly lower yield point, as shown in Figure 4. In general, all 
cycles showed good elongation, with the AB being 7.7%; an attribut-
ing factor can be the short interlayer time. All specimens were not 
built on one substrate but over multiple prints, i.e. for each different 
heat treatment, only three vertical rods were manufactured on the 
substrate. This results in a very short interlayer time, which has been 
shown to increase elongation due to coarsening of the a laths [40].

Ter Haar and Becker [21] showed that a-grain fragmentation 
during high-temperature annealing formed at twinning locations. 
During the New-cycle, fragmentation of a at twins occurred (see 
Figure 7), which, considering that the New-cycle was only kept at 

high temperatures for a brief time, confirmed that the fragmentation 
occurred rapidly at high temperatures. Some of the smaller ternary 
and quartic a had dissolved into the larger primary and secondary a 
grains. These laths, when compared to the AB microstructure shown 
in Figure 5, are larger and not as needle-like.

The grain structure of the New-cycle is considerably finer (sub-
micron) compared to the other cycles and shows compositional con-
trast (Figure 10), verifying that the short holding time is sufficient for 
the supersaturated a’ to decompose into a fine a + b phase. This agrees 
with Cao et al. [19], who showed that above 900°C, a time shorter 
than 0.5 h was needed to decompose the martensite. The alpha lath 
widths for 850-ANN and 895-ANN are very similar, explaining the 
similarities in tensile stresses (Figure 4), but the 895-ANN has reduced 
elongation as noted in the increase of hardness (Figure 9) when a 
evolved into a bi-phasic a + b microstructure [36]. Figure 11 shows good 
microstructural uniformity in the thick 12.5 mm sections. Although 
it is challenging to successfully build LPBF parts with large cross-
sections due to residual stress, it was decided to simulate the New-
cycle heat-treatment process to calculate the maximum temperature 
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difference for a 100 mm cube on the sub-
strate. In a SolidWorks 2020 thermal study, 
the temperature vs. time profile was simu-
lated while assuming that, for the vacuum 
heat treatment, the surface of the part was 
equal to the temperature measured by the 
thermocouples, and no conduction or convec-
tion occurred. For a simplified 100 mm cube, 
it was found that the maximum tempera-
ture difference would be ∼40°C lower at the 
core, i.e. a maximum temperature of 900°C. 
However, this was not a concern, bearing in 
mind that the lower temperature anneals 
(895-ANN and 850-ANN) and 650-SR do give 
good tensile properties. It was noted that the 
microhardness measured on the cross-sec-
tions in the XZ plane was ∼10 HV lower than 
that obtained in the XY plane. The New-cycle 
XY microhardness (329 HV) was below those 
of AB and 650-SR specimens of 352 HV and 
340 HV, respectively, indicating that micro-
structural changes had occurred.

The New-cycle showed good impact 
toughness, with the values of the vertical 
specimens being considerably higher than 
other LPBF work in heat-treated conditions 
[41], [42], [43], [44]. This is an exciting find-
ing and an area for further research, which 
might hold promising benefits for fatigue 
and fracture toughness.

Yonemura et al. [45], Cerda et al. [46] and 
De Knijf et al. [47] showed that, for rapid heat-
ing of 0.1 % C steel, the high dislocation den-
sity and carbon concentration of the initial 
ferrite was retained upon transformation to 
austenite. Higher dislocation density increas-
es the work-hardening effect. Although the 
New-cycle can possibly lead to retention of 
the favorable high dislocation density and 
greater strength, none of the cycles showed 
any significant difference in the work-hard-
ening rate. A significant change in disloca-
tion density was found between AB and 
heat-treated specimens built in a similar 
EOS M280 machine at the CRPM by Muiruri 
et al. [47]. They reported dislocation densi-
ties for the AB, SR (650 3 h FC) and annealed 
(800 2.5 h FC) of 3.82 × 10-15, 1.02 × 10-15 and 
5.73 × 10-14 m-2, respectively [48].

4.2 Practical considerations: cycle
The New-cycle consisted of slow ramping 
to 600°C then more rapid heating to 940°C. 
No hold was present upon reaching 940°C. 
The initial ramp was slow to allow for stress 
relief and prevention of deformation. After 
the component had reached a temperature 
of 600°C after two hours, the slow ramp had also allowed for tem-
perature uniformity and stress relief, which agrees with the canti-
levers having shown no visible deformation and with the findings 
of Ter Haar and Becker [16], who showed that above 610°C almost all 
residual stress was relieved within the first five minutes. An addi-

tional contribution to this is the relatively small thicknesses of AM 
parts when compared to industrial parts. After the components had 
slowly reached temperatures of 600°C and above, the temperature dis-
tribution was uniform, and the temperature-dependent yield stress 
had been lowered so that subsequent rapid heating would not lead 

Figure 14: Calculated scores for each cycle.

Figure 12: Fracture surfaces of vertical V-notch impact specimen (left) and corresponding depth profile 
(right).

Figure 13: SEM fractographs of vertical tensile specimens heat treated at 940-ANN, 850-ANN, and New-
cycle.
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to distortion. The ramp down was controlled and slowed to allow for 
more time in the temperature range where diffusion can occur (above 
750°C) to ensure a more uniform temperature, irrespective of the 
furnace load. This results in consistency across different-sized builds, 
with consequent lower induced thermal stress and distortion. Since 
no air or water cooling is introduced, no descaling or machining is 
needed to remove oxides. To obtain better statistical reliability of the 
tensile properties of specimens submitted to the New-cycle, multiple 
LPBF builds were combined with multiple heat treatment cycles with 
a total of 15 tensile specimens.

4.3 Practical considerations: time, cost, and performance
Although most of these heat-treatment cycles produced excellent 
mechanical properties when compared to wrought Ti6Al4V (as found 
in [2]) and are all above the requirements of ASTM F3001–14, from 
a practical point of view, reduced cycle time and cost are of major 
importance. Therefore, each cycle was scored based on a very simple 
calculation: the maximum value of each property scored 10 points, 
while the lowest scored zero points, and anything in between was 
interpolated linearly between the maximum and minimum points. 
The scores and actual times of the cycles are shown in Figure 13.

In this scoring system, the 650-SR cycle only just beat the New-
cycle and scored 0.2 more on average than the New-cycle, which is 
in second place, with the 850-ANN cycle in third place. Although the 
650-SR cycle is in the first place, its low elongation should be noted, 
which is not clearly represented by this scoring system. Performing 
only a stress-relieving heat treatment does not optimize the mechani-
cal properties for improved fatigue life performance. From a time-sav-
ing point of view, the New-cycle has a considerably lower cycle time 
of only four hours, with the 940-ANNGQ close on its heels. However, 
the latter has the disadvantage of creating larger grain structures 
and considerably lower yield stress and UTS. Therefore, because of the 
application of the New-cycle, parts for heat treatment can be received 
and delivered in half a working day, which has significant time- and 
cost-saving advantages.

5 CONCLUSION
The purpose of this article was to show that an alternative vacuum 
heat treatment cycle, considering all the technical aspects of AM, can 
be used to save time and money. The New-cycle offers a significant 
reduction in time (from 40 to 4 h), making it cost-effective to maxi-
mize the advantages of AM by offering parts that need no further 
descaling or machining. A yield stress of 987 MPa, higher than all 
other conventional treatments, was obtained while still having an 
elongation of 16%. This cycle delivered exceptional tensile and impact 
properties and sufficiently decomposed the as-built martensite into 
an a + b phase while retaining a very fine microstructure conducive 
to improved fatigue properties. In this case, the saying “less is more” 
rings true.
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