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Abstract. In the present study, work-hardening behavior under various loading paths of a commercially pure titanium JIS
Grade 1| sheet was investigated. The following tension-compression asymmetry was presented. The yield stress was
smaller under compression than under tension, whereas the subsequent work-hardening was larger under compression
than under tension. When the sheet was subjected to reverse loading from compression to tension, strong Bauschinger
effect was exhibited. Thereafter, a concave curve followed by a small stress peak appeared, which was not presented
under monotonic tension. Microstructure observations suggested that this characteristic behavior would be owing to the
the activities of twinning and detwinning respectively during compression and following tension.

INTRODUCTION

Commercially-pure titanium (CP-Ti) sheets have various features such as good drawability, high specific
strength, and high corrosion resistance; thus, CP-Ti sheets are receiving increasing attention in various industries
including for aircraft and automobile applications [1, 2].

CP-Ti sheets are a hexagonal-close-packed (hcp) metal, and the critical resolved shear stress and work-hardening
differ notably depending on the slip and twinning systems. Moreover, to fulfill the von Mises criterion, the activity
of twinning systems plays an important role in the deformation behavior [3, 4]. Because of the strong crystal
anisotropy of hcp structure and the polar character of twinning, CP-Ti sheets present strongly anisotropic-
deformation behavior. Furthermore, a strong basal texture is generally developed in rolled CP-Ti sheets; thus, the
anisotropy is further pronounced. A lot of studies were conducted to understand the anisotropic-deformation
behavior of CP-Ti sheets [5-12].

Sheet metals generally experience strain-path changes including reverse loading during sheet forming. Therefore,
it is important to understand the deformation behavior under not only monotonic loading paths but also strain-path
changes. Thus far, most of the studies focused on the deformation behavior under monotonic tension or compression
[6-12]. In our previous study [5], the work-hardening and twinning behaviors under various loading paths including
reverse loading in a CP-Ti JIS Grade 2 sheet were investigated. It was found that the Bauschinger effect was
presented under both tension followed by compression and compression followed by tension (compression-tension).
Moreover, during tension following compression <1012> detwinning was active as for Mg alloy sheets that also
had the hcp structure. In contrast, the effect of detwinning activity on the work-hardening behavior was much
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smaller in the CP-Ti Grade 2 sheet than in Mg alloy sheets. This difference would presumably because the twinning
and detwinning activities were much less pronounced in the CP-Ti Grade 2 sheet than in Mg alloy sheets.

In the meanwhile, CP-Ti sheets are classified into several grades depending on the additive amounts of oxygen
and iron: the grade number becomes large as the additive amounts increase. It is known that twinning activity
increases as the additive amounts decrease, i.e., twinning activity is more pronounced in Grade 1 sheets than in
Grade 2 sheets. Therefore, it is expected that the effect of twinning and detwinning activities on the work-hardening
behavior would also be more pronounced in Grade 1 sheets than in Grade 2 sheets. However, the deformation
behavior of Grade 1 sheets under reverse loading has not been studied; thus, its detail is not yet understood.

In the present study, the work-hardening behavior of a CP-Ti Grade 1 sheet is investigated particularly focusing
on reverse loading. Electron backscatter diffraction (EBSD) is used to study twinning and detwinning activities
during deformation. Moreover, the difference in the work-hardening behavior between Grade 1 and Grade 2 sheets
is also discussed.

EXPERIMENTAL PROCEDURE

A cold rolled CP-Ti JIS Grade 1 sheet (Kobe steel) was used. The nominal thickness was 1.0 mm. Tests of
monotonic tension, monotonic compression, and reverse loading were conducted in the rolling direction (RD). In the
reverse loading test, the sheet was first subjected to compression followed by tension (compression-tension). This
loading path was selected because it was presented in our past study for a Grade 2 sheet [5] that activities of <1012>
twinning and detwinning were observed during compression-tension. To prevent buckling during compression,
comb-shaped dies [13,14] were employed to give compressive forces through the thickness of the sheet. The
schematic diagrams of the experimental apparatus and the sample geometry are presented in Fig. 1. The through-
thickness stress applied to the sheet was approximately 3.6 MPa, which corresponded to approximately 3 % of the
initial yield stress of the sheet. Molybdenum disulfide (Moly paste, Sumico Lubricant Co.) was utilized for
lubrication between the sheet and the comb-shaped dies. A strain gauge (KFEM, Kyowa Electronic Instruments)
was employed for the strain measurement during the test. The test was conducted at the initial strain rate of
approximately 6.67 X 10™*/s™! at room temperature.

After the reverse loading test was carried out, the microstructures of the samples were measured using EBSD on
cross-sectional surfaces perpendicular to the RD. The pole figure (PF) and inverse pole figure map (IPF map) were
analyzed using OIM-Analysis 7 (TSL Solutions).

RESULTS AND DISCUSSION

Stress-strain curves

Fig. 2 (a) shows the true stress-strain curves obtained under monotonic tension and compression. Note that
absolute stress and absolute strain are used in this figure. The yield stress is smaller under compression than under

(a) Hydraulic pump (b)
Specimen D D ¢
36 18 53.5
161.5

Comb-shaped dies Chuck

Fig. 1 Schematic diagrams of (a) experimental apparatus and (b) sample geometry (in mm).
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tension, whereas the subsequent work-hardening is larger under compression than under tension. Apparently, a
strong tension-compression asymmetry is presented. This result is consistent with that reported in the literature [12].
Fig. 2 (b) displays the result of compression-tension. The amount of nominal strain imparted before the strain
reversal was either 5% or 10 %. The Bauschinger effect is exhibited after the strain reversal. Thereafter, a concave
curve followed by a small stress peak appears. This curve occurs irrespective of the amount of the pre-strain.
Interestingly, this curve does not occur under monotonic tension (Fig. 2 (a)), describing that a strain-path
dependency is presented.

When a Grade 2 sheet was subjected to compression-tension, strong Bauschinger effect was also presented,
whereas neither the concave curve nor the stress peak was exhibited [5].
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Fig. 2 Stres-strain curves. (a) Monotonic tension and monotonic compression, and (b) compression-tension.

Microstructures

Next, the results of EBSD measurement are described [15]. The measurement was conducted at points O, A, B,
C, and D designated in Fig. 2. Fig. 3 (a) shows the initial PF and IPF map (point O). The typical basal texture
appears, and twinning is hardly presented. Figs. 3 (b) and 3 (c) display respectively the results obtained under
monotonic compression (point A) and monotonic tension (point D). Note that boundaries of <1012>, <1121>, and
<1122> twinning systems are designated respectively with red, green, and blue lines in the IPF map. <1012>
twinning is very active when the sheet is subjected to compression, resulting in the strong peaks in the RD in the PF.
In contrast, <1122> twinning is active when the sheet is subjected to tension, but the PF remains almost unchanged
from that of the initial one. Apparently, the active twin mode is different between tension and compression.
Moreover, the activity of <1012> twinning under compression is more pronounced than that of <1122> twinning
under tension.

Figs. 3 (d) and 3 (e) depict the results obtained after the loading direction is inverted from compression to tension
(points B and C). The area fraction of <1012> twinning decreases notably from point A to point B, i.e., detwinning
is active from point A to point B; thus, the strong peaks in the RD observed at point A disappear mostly at point B.
At point C, <1012> detwinning is almost completed, while <1122> twinning starts activating.

Comparing the results between the Grade 1 and Grade 2 sheets [5], the abovementioned trends in the twinning
activity are qualitatively the same. In contrast, the activities of <1012> twinning and <1122> twinning are much
more pronounced in the Grade 1 sheet than in the Grade 2 sheet.
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Fig. 3 Results of EBSD measurement at (a) point O, (b) point A, (c) point D, (d) point B, and (e) point C.

Discussion

The mechanism that the characteristic work-hardening behavior occurs under compression-tension is discussed
in terms of the microstructure evolution. It is established that a sigmoidal stress-strain curve is presented when Mg
alloy sheets that have the hcp structure are subjected to compression-tension [13, 16, 17]. This work-hardening
behavior in Mg alloy sheets results from the fact that <1012> detwinning is active until the second rapid increase in
stress occurs, whereas it is hardly active beyond the second rapid increase [18-20]. The present microstructure
observation suggests that the concave curve and the small stress peak that appear in the CP-Ti Grade 1 sheet can
also be explained from a similar mechanism: <1012> detwinning is active until the stress peak occurs (Fig. 3 (d)),
whereas it is hardly active beyond the stress peak (Fig. 3 (e)). Note that the difference in the stress between before
and after the stress peak occurs is much smaller in the CP-Ti Grade 1 sheet than that between before and after the
second rapid increase in Mg alloy sheets. This small difference in the stress may be because the difference in critical
resolved shear stresses among the slip and twinning systems is much smaller in the CP-Ti Grade 1 sheet than in Mg
alloy sheets.

As explained before, the Grade 2 sheet did not present either the concave curve or the stress peak. This result
may be because twinning and detwinning activities were much less pronounced in the Grade 2 sheet than in the
Grade 1 sheet. From these results and discussion, it is concluded that detwinning activity affects the stress-strain
curves also in CP-Ti sheets if its activity is large, whereas its effect is essentially smaller in CP-Ti sheets than in Mg
alloy sheets.

CONCLUSIONS

The work-hardening and twinning behaviors of a CP-Ti Grade 1 sheet was investigated experimentally. The
difference in the deformation behaviors between the Grade 1 and Grade 2 sheets was also discussed. The results
obtained in this study are summarized as follows.

(1) When the sheet is subjected to compression followed by tension in the RD, a concave shape followed by a small
stress peak is presented in the stress-strain curve. This behavior does not occur in the Grade 2 sheet.
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(2) <1012> twinning and <1122> twinning are active respectively during compression and tension. When the sheet
is subjected to strain reversal from compression to tension, <1012> detwinning is active in the initial stage of
tension, whereas it is hardly active in the latter stage. These trends in twinning activities are the same as those in the
Grade 2 sheet, while they are much more pronounced in the Grade 1 sheet than in the Grade 2 sheet.

(3) The concave curve and the small stress peak that appear under tension following compression would result
presumably from the following mechanism: <1012> detwinning is active until the stress peak occurs, whereas it is
hardly active beyond the stress peak. This work-hardening behavior does not present in the Grade 2 sheet because
twinning and detwinning activities are much less in the Grade 2 sheet. It is concluded that detwinning activity
affects the stress-strain curves in CP-Ti sheets if its activity is large.
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