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Abstract: The α′ martensite of Ti-15mass%Nb alloy exhibits high internal friction with high damping
properties. However, its structure is smoother than the α + β structure. Therefore, a hardened
surface layer is required for abrasion resistance. This study fabricated a martensite structure inside
the nitriding layer by quenching, after gas nitriding at 1023 and 1223 K. Vickers hardness test,
X-ray diffraction, scanning electron microscopy (SEM), and SEM-energy dispersive X-ray (SEM-EDX)
measurements from the surface to the inside were made after the heat treatment process. In addition,
the Young’s modulus and internal friction were calculated from the damping analysis. The α-TiN0.3

and β phase region was formed at approximately 80 µm from the surface at 1023 and 1223 K, and it
was hardened. The internal friction of the gas nitriding and quenching specimens at 1023 and 1223 K
was relatively high, though it did not reach that of the as-quenched specimen owing to the influence
of the surface structure. From these results, it is considered that these material property values of
the alloy can be controlled using the nitriding and quenching processes.

Keywords: titanium alloy; martensite; nitriding; hardness; internal friction Q−1; Young’s modulus E;
microstructure; phase constitution

1. Introduction

Although titanium and its alloys have been used as structural materials, various studies have
employed its functional properties, such as low Young’s modulus E [1–3], shape memory effect [4–6],
and super elasticity [6–9]. In addition to the functional properties, it was established that the α’
martensite structure of the Ti-15mass%Nb alloy exhibits high internal friction Q−1 with high damping
properties [10–12]. However, the α’ martensite structure is smoother than that of the α+β structure [10].
Therefore, a hardened surface layer is required for abrasion resistance. The nitriding is often performed
as a typical surface treatment method for hardening a titanium alloy. There are many reports on
the plasma nitriding [13–18] and gas nitriding [19–27] of titanium and its alloys. However, there are
few reports on the nitriding of Ti-Nb alloy systems or the martensite structure of titanium alloys.

Plasma nitriding occurs at a wide range of temperatures from approximately 773 to 1373 K,
whereas gas nitriding occurs at only high temperatures ranging from approximately 973 to 1273 K.
Therefore, to obtain high hardness and high damping properties, a nitriding process at a relatively low
temperature while maintaining the martensite structure of the titanium alloy and forming a martensite
structure after nitriding at a high temperature can be considered. In the former, we attempted
the plasma nitriding of Ti-15mass%Nb alloy at a relatively low temperature range of approximately

Crystals 2020, 10, 1156; doi:10.3390/cryst10121156 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
http://www.mdpi.com/2073-4352/10/12/1156?type=check_update&version=1
http://dx.doi.org/10.3390/cryst10121156
http://www.mdpi.com/journal/crystals


Crystals 2020, 10, 1156 2 of 7

773 K, but only the outermost surface could be hardened. Therefore, this study fabricated a martensite
structure inside the nitriding layer by quenching after gas nitriding at 1023 and 1223 K.

2. Materials and Methods

Ti-15mass%Nb alloy was used in this study. It was cut to achieve the following dimensions: 15 ×
10 × 1 mm for the Vickers hardness test (HM-220D; Motutoyo, Kawasaki, Japan), scanning electron
microscopy (SEM) (S-4300; HITACHI, Tokyo, Japan), and X-ray diffraction (XRD) measurement
(SmartLab; Rigaku, Tokyo, Japan), and 70 × 7 × 1 mm for damping analysis (DS3000; Ono Sokki,
Yokohama, Japan). The specimen was placed on a quartz boat and then poured into a quartz tube in an
electric furnace, and the evacuation process and nitrogen gas substitution were repeated three times.
The nitrogen gas used had a purity of 99.999%, and it was set to a pressure of 0.15 MPa. After heating
at 1023 or 1223 K and holding for 3.6 ks in a nitrogen atmosphere, the quartz boat was soaked in ice
water for quenching. This heat treatment is called the gas nitriding and quenching process (GNQP).
The Vickers hardness test was performed at intervals of 20 µm for the cross-sectional depth direction
with a test force of 0.01 kgf and a holding time of 15 s. Damping analysis was performed via the free
resonance method. The attenuation waveform of the vibration amplitude was read, and the frequency
response function was obtained. The E was calculated from the resonance frequency, and the Q−1

was calculated from the Hilbert calculation. Mirror-polished cross-sectional specimens were used for
SEM observation and SEM-energy dispersive X-ray (EDX) measurement. The constituents of the layer
from the surface to a depth of 150 µm were investigated via XRD analysis of CuKα (40 kV, 30 mA).
The GNQP specimens were ground to 10, 50, and 150 µm from the surface.

3. Results

Figure 1 shows the cross-sectional SEM microstructure after GNQP. A brighter layer was formed
on the surface for the microstructure at 1023 K (a). In addition, a dense acicular structure of 30 µm and
sparse long acicular structure of 50 µm were observed. At 1223 K (b), the first layer of 10 µm, a dense
massive structure layer of 16 µm and a sparse massive structure of 54 µm were formed. At the corner
area of the specimen (c), a wide area lamellar microstructure was formed in addition to the first layer
of 10 µm.
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Figure 1. Cross-sectional SEM microstructure after the gas nitriding and quenching process (GNQP).
(a) Edge area at 1023 K. (b) Edge area at 1223 K. (c) Corner area at 1223 K.

Figure 2 shows the micro Vickers hardness distribution from the surface after GNQP. At 1023 K,
the hardness of the surface layer was 540 HV, and it was 327 HV at a depth of 100 µm. The hardness of
the α′ martensite in the alloy was approximately 240 HV [10], which is equivalent to that observed at
a position deeper than 250 µm. Conversely, the hardness of the surface layer was 720 HV at 1223 K,
which was 450 HV at a depth of 100 µm. At deeper positions, almost the same hardness value was
maintained, and it did not drop to a similar hardness to that of the α′ martensite.
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Figure 2. Micro Vickers hardness distribution from the surface after GNQP.

Figure 3 shows the change in the XRD profile from the surface. For comparison, the XRD
profiles of the as-annealed (AN) and the as-quenched (AQ) specimens at 1023 and 1223 K are shown
in the figure [11,12]. From Figure 3, it can be observed that the AN has a mixed phase structure of the α

phase and the β phase. However, in the AQ, the supersaturated α′ martensite exhibits a diffraction
peak shifted to a lower angle than the α phase; thus, it can be observed that the α′ martensite expanded.
Comparing the calculated lattice constants of the α′martensite with the annealed α phase from the XRD
profiles, expansion of the a-axis is approximately 0.8% and that of the c-axis is approximately 0.2%.
At the surface XRD profile at 1023 K (a), the diffraction peaks of TiO2, TiN, Ti2N, and α-TiN0.3 were
detected. In addition to the α-TiN0.3 peak, β phase diffraction peaks were detected in the XRD profile
after 10 µm grinding. After 50 µm grinding, it was considered that the structure contained the α′

martensite. After 150 µm grinding, for some percentage of the structure to be changed into the α′′

martensite, the peaks were split. For the surface at 1223 K (b), the diffraction peaks of TiO2 were
very strong. However, very weak peaks of TiN, Ti2N, and α-TiN0.3 were also detected. Similar to
that at 1023 K, α-TiN0.3 and β phase were detected at 10 µm, and the α′ martensite was detected at
50 µm. Because the diffraction peak of the α′ martensite is very broad, residual strain is generated.
Moreover, a part of the structure is formed as an α′′ martensite from the separation state of the peak.
Even after 150 µm grinding, the diffraction peak was still broadened, and a large residual strain was
introduced during the formation of the martensite.

Figure 4 shows the cross-sectional SEM-EDX analysis results after GNQP at 1023 K. In the SEM
image (a), the position where the point analysis was performed and the mapping range surrounded
by the light blue frame area are shown. Nitrogen and oxygen were detected at the outermost surface
(1) of the point analysis result (b), and a decrease in Ti content was observed. This is attributed to
the formation of nitrides and oxides. Almost no nitrogen and oxygen were detected in regions (2) to
(5), marked on (a). A decreased content of Nb was observed in the dark region (3), whereas it increased
in the bright region (4). In region (5), the default amount of Nb is shown. In the element mapping
result (c), a region of increased/decreased Ti and Nb contents detected via point analysis was detected.
Although it is difficult to evaluate the distribution of N, an increase in O was observed in the outermost
surface region.

Figure 5 shows the cross-sectional SEM-EDX analysis results after GNQP at 1223 K. The position
of the point analysis and the mapping range are indicated in the SEM image (a). The amount of oxygen
detected at the outermost surface (1) of the point analysis result is high (b), indicating that it is an
oxide film layer. It can be observed that nitrogen is detected and diffused in region (2). The amount
of Nb decreased in the dark region (3), whereas it increased in the bright region (4). In the element
mapping result (c), a region of increased/decreased Ti and Nb contents detected via point analysis
could be confirmed. In addition, the distribution of nitrogen corresponds to the region with a high
amount of Ti. The distribution of oxygen was confirmed in the outermost surface region, and it was
established that a TiO2 layer was formed.
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Figure 3. Change in the XRD profile from the surface to the depth direction. (a) 1023 K. (b) 1223 K.
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Figure 6 shows the E (a) and the Q−1 (b) after each heat treatment. The E of the Ti-15Nb alloy AN
specimen with α + β structure is 92.5 GPa, whereas that of the AQ specimen with the α′ martensite
structure is 58.3 GPa [10–12]. That of the specimen after GNQP at 1023 K was 87.9 GPa, whereas that
of the specimen after GNQP at 1223 K was 79.6 GPa, indicating a high value close to that of the AN
specimen, although the α′ martensite structure was formed. Conversely, the Q−1 (× 10−3) of the AQ
specimen increased from 0.3 to 6.2, showing high damping properties. The Q−1 of the specimen after
GNQP at 1023 K was 3.6, whereas that of the specimen after GNQP at 1223 K was 4.4, indicating
relatively high values, although not as high as that of the AQ specimen. Notably, these changes are
consistent with the influence of the formed layer and the state of the α′ martensite structure.
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Figure 6. Change in material properties after each heat treatment. (a) Young’s modulus E. (b) Internal
friction Q−1.

4. Discussion

The microstructural state is discussed based on the results of the Vickers hardness test,
X-ray diffraction, and SEM-EDX analysis. The oxide film layer formed on the outermost surface was
formed during water quenching. During gas nitriding, nitrogen diffuses from the surface to a depth of
approximately 80 µm, and nitrides are formed in the portion close to the surface layer. In addition,
because nitrogen diffuses in α-Ti, α-TiN0.3 with a low Nb content is formed. Moreover, the portion
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with a high Nb content becomes a β phase, and it remains even after quenching. In particular, GNQP at
1223 K is significantly affected by the structural change of the surface layer, and the residual strain
remains inside the specimen during quenching and shows high hardness. Conversely, the base value of
hardness is high in gas nitriding at temperatures above 1223 K, and a similar phenomenon occurs [23].

The specimen after GNQP at 1023 K exhibited an E value closer to that of the AN specimen than
that of the AQ specimen. According to the XRD results shown in Figure 3, the α′ martensite structure
is formed at 80 µm from the surface layer. Notably, the actual value is slightly lower, but according to
this measurement method, it is possible that it was significantly influenced by the acicular structure of
the surface layer. Further factors need to be explored. The Q−1 is relatively high, which corresponds
to the value of the α′ martensite structure inside [10–12]. Conversely, the specimen after GNQP at
1223 K exhibited a relatively high E. This is attributed to the increase in hardness and the effect of
the surface structure. Further, when the Q−1 of the alloy was increased, the hardness reduced and the E
decreased. However, after the GNQP treatment, the hardness increased, the E increased, and the Q−1

was relatively high, although it was not as high as that of the AQ specimen. From these results, it is
considered that the material property values of the alloy can be controlled by the GNQP heat treatment.

5. Conclusions

In this study, the changes in the microstructure and material properties of the Ti-15mass%Nb alloy
after GNQP at 1023 or 1223 K were investigated. The following conclusions were obtained:

(1) As a result of changing the hardness in the depth direction after GNQP, the region of α-TiN0.3 and
β phase was formed at approximately 80 µm at 1023 and 1223 K, and this region was hardened.
It was established that the hardness of the α′ martensite was observed in the region deeper than
250 µm at 1023 K, whereas the inside was also very hard at 1223 K. From the XRD result at 1223 K,
it was established that although the martensite structure was formed in the internal region, it was
extremely strained.

(2) It was established that the Q−1 of the specimens after GNQP was relatively high, though both
1023 and 1223 K did not reach the AQ specimen due to the influence of the surface structure.
In addition, the E showed a high value close to that of the AN specimen. From these results,
it is considered that the material property values of the alloy can be controlled by the GNQP
heat treatment.
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