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Abstract

Statement of problem.—Strengthening mechanisms of zirconia ceramics stabilized with 3 

mol.% yttria (3Y-TZP) are complex and dictated by the crystalline phase assemblage. Although 

their clinical performance for dental restorations has been excellent, there is evidence that 

framework fractures do occur and are under-reported. Meanwhile there is a lack of understanding 

of the relationship between phase assemblage and reliability of 3Y-TZP.

Purpose.—To elucidate the relationship between crystalline phase assemblage and reliability of 

3Y-TZP, and calculate associated probabilities of survival.

Material and methods.—Discs of 3Y-TZP were prepared from cylindrical blanks and 

randomly assigned to 12 experimental groups (n=20 per group). Different crystalline phase 

assemblages were produced by either varying sintering temperature from 1350 to 1600°C and/or 

treating the surface by airborne-particle abrasion with 50 μm alumina particles at a pressure of 2 

bars for 1 minute with or without subsequent heat treatment. Crystalline phases were analyzed by 

standard and grazing incidence x-ray diffraction (GIXRD). The relationship between phase 

assemblage and reliability was determined by measuring the biaxial flexural strength (BFS) 

according to ISO standard 6872 and using Weibull statistics to calculate Weibull modulus (m), 

probability of survival and maximum allowable stresses. XRD results were analyzed by ANOVA 

to detect statistically significant differences between groups. Adjustment for all pairwise group 

comparisons was made using the Tukey method (0.05 level of significance).
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Results.—Standard incidence XRD confirmed the presence of a small amount of cubic phase 

after sintering at 1350°C. A cubic-derived non-transformable tetragonal t’-phase was observed at 

sintering temperatures of 1450°C and above, the amount of which increased linearly. GIXRD 

revealed that airborne-particle abraded groups sintered at 1350 and 1600°C had the highest 

variability in monoclinic phase fraction as a function of depth, associated with the lowest 

reliability. Groups as-sintered at 1350 and 1600°C had the lowest modulus (m=8.1 (0.5) and 7.0 

(0.8), respectively) and probability of survival (Ps) for a maximum allowable stress of 700 MPa, 

while treated groups sintered at 1450 and 1550°C were associated with the highest modulus (from 

15.0 (1.4) to 20.9 (1.4)) and Ps ( ≥ 0.9999). Lower strength and reliability of groups sintered at 

1600°C was in line with the presence of a significant amount of non-transformable t’-phase. The 

pattern of BFS results indicated that ferro-elastic domain switching was a dominant strengthening 

mechanism in 3Y-TZP.

Conclusions.—The present study first reports on the detrimental effect of the cubic-derived 

non-transformable t’-phase on the mechanical properties of 3Y-TZP. It is demonstrated that phase 

assemblage determines reliability and is directly linked to the probability of survival.

INTRODUCTION

Despite the recent introduction of translucent zirconia compositions with larger amounts of 

yttrium stabilizer,1, 2 zirconia ceramics stabilized with 3 mol.% yttria (3Y-TZP) are still 

extensively used for dental restorations and have been extremely successful.3, 4 This is 

largely due to their excellent mechanical properties supported by the unique stress-induced 

transformation toughening, made possible by the stabilization of the tetragonal phase.5-7 3Y-

TZP ceramics are therefore very attractive for posterior restorations where strength is 

critical.8, 9 However, depending on the manufacturer, sintering conditions for 3Y-TZP vary 

widely, with temperatures ranging from 1350 to 1600°C. Meanwhile, it is well established 

that sintering conditions such as temperature and duration strongly affect grain size, 

crystallographic phase assemblage and stabilizer distribution in zirconia ceramics.10, 11 In 

addition, the transformability of 3Y-TZP is directly linked to grain size.10-13 For example, 

Suresh and Mayo13 determined that for 3Y-TZP pellets, the critical grain size below which 

the tetragonal phase remains stable is 155 nm, whereas larger grain sizes have a greater 

propensity to transform to the monoclinic phase,11 with grains larger than 5-6 μm 

spontaneously switching to the monoclinic phase upon cooling. Furthermore, the amount of 

stable cubic phase increases with sintering temperature and its presence is associated with a 

decrease in strength due to its inability to transform.10 Therefore, starting from chemically 

similar zirconia powders stabilized with 3 mole percent yttria (3Y-TZP), variations in 

sintering recommendations are expected to lead to notable differences in microstructural 

characteristics and crystalline phase assemblage, directly affecting transformability and 

thereby mechanical properties and reliability of definitive restorations in various clinical 

scenarios.14 In order to improve mechanical retention, indirect dental restorations such as 

single crowns or fixed partial prostheses are usually airborne-particle abraded (AA) prior to 

cementation.15, 16 This type of surface treatment is well documented in the literature and has 

been shown to trigger the expected stress-induced t-m transformation and lead to a 

significant increase in mean biaxial flexural strength for both fine and coarse-grained 3Y-

TZP.17, 18 It was later shown that AA was also associated with higher survival rates for 3Y-
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TZP under cyclic loading.19 The beneficial effect of AA on the resistance of 3Y-TZP to low 

temperature degradation was further demonstrated.20, 21 All studies supported the key role of 

the t-m transformation and associated residual compressive stresses, as well as the balancing 

act between transformation depth and critical flaw size both affecting strength.22, 23 As a 

result, various approaches and techniques have been proposed to assess the depth of the t-m 
transformation after air abrasion, from x-ray diffraction and Raman spectroscopy on cross 

sections,22, 24 to sequential polishing and indentation to characterize residual stresses. It was 

shown that compressive residual stresses are produced to a depth of approximately 10 μm.25 

Meanwhile, the last step in the fabrication of dental restorations usually requires customized 

staining and glazing, which implies a heat treatment at around 900°C. Even if the duration of 

this heat treatment is very short (1 min.), studies have shown that when staining and glazing 

are performed after airborne-particle abrasion, the reverse m-t transformation follows,26 the 

direct consequence of which is the release of residual compressive stresses. This is 

associated with a decrease in strength.17, 19, 27, 28 Varying the sintering temperature, as well 

as airborne-particle abrasion followed or not by heat treatment therefore represent logical 

means for changing the crystalline phase assemblage in 3Y-TZP.

Within the field of biomedical applications of brittle ceramics, strength and fracture 

toughness are recognized properties of paramount importance.29 The reliability of dental 

ceramics is classically reported based on Weibull statistics.30 However, another important 

concept in the design of bioceramics is that of safety factor, which is defined as the ratio of 

mean strength to the maximum allowable stress, and is seldom considered in the 

characterization of dental ceramics.31, 32 Assuming a Weibull distribution, and choosing a 

clinically acceptable value for the probability of failure, maximum allowable stresses can be 

calculated.31 This information may be helpful in material selection for dental restorations.

The purpose of this in vitro study was to investigate the effect of varying crystalline phase 

assemblage through sintering temperature and airborne-particle abrasion with or without 

subsequent heat treatment on reliability, maximum allowable stresses and calculated 

probability of survival for 3Y-TZP for dental restorations. The null hypothesis was that 

thermal history alone or in combination with airborne-particle abrasion has no effect on 

reliability of 3Y-TZP.

MATERIAL AND METHODS

Specimen preparation

Cylindrical 3Y-TZP blanks were produced by cold isostatic pressing of 3Y-TZP powder 

(TZ-3YE, Tosoh) and pre-sintered at 850°C for 2h. Discs were sectioned from the blanks, 

randomly assigned to 12 groups of 20 specimens using random number generating software 

(Microsoft Excel, v. 16.36), sintered at 1350, 1450, 1550 or 1600°C for 2h and furnace-

cooled. For each sintering temperature, one group was left as-sintered as control (AS), one 

group was air-particle abraded (AA) and one group was air-particle abraded and heat treated 

at 1250°C for 20 minutes (AAHT). This temperature was chosen to ensure that the reverse 

m-t transformation reached full completion. Air-particle abrasion was performed with 50-μm 

alumina particles, for 1 minute, under a pressure of 2 bars, at a distance of 15 mm and 

incident angle of 45 degrees.
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Crystalline phases – Standard incidence XRD – cubic-related phase

Specimens (n=4 per group) were analyzed by x-ray diffraction (XRD) in Bragg Brentano 

configuration (SmartLab diffractometer, Rigaku). Patterns were recorded in the 72-76° range 

(2θ) at a scanning speed of 0.5 deg.min−1, and a step size of 0.04° (λCuKα=1.5406Å). Data 

were analyzed using Rigaku PDXL-2 software after background subtraction, Kα2 

elimination and profile fitting. This angular region focuses on 004 and 400 reflections of the 

t-phase, the 400 reflection of the cubic phase and the 004 and 400 reflections of the t’, cubic-

related phase. The amounts of the various phases were determined from integrated 

intensities using equation (1).33

V c = It′(400) + It′(004)
It′(400) + It′(004) + It(400) + It(004)

(1)

Where Vc is the volume fraction of the cubic-related phase and I represents the integrated 

intensity for each listed reflection.

Crystalline phases – GIXRD – transformation depth

Crystalline phases and transformation depth were analyzed by grazing incidence x-ray 

diffraction (GIXRD) in parallel beam configuration at incidence angles ranging from 1 to 9 

omega degrees. GIXRD patterns (n=4 per group) were recorded in the 27-37° (2θ) range, at 

0.5 deg.min−1, and a step size of 0.04°. The data were analyzed using Rigaku software as 

described earlier. The volume fraction of m-phase was determined from integrated 

intensities using equations developed by Garvie and Nicholson,34 and refined by Toraya.35 

The x-ray penetration depth z was calculated from equation (2) derived from Beer-Lambert’s 

attenuation law:36

z =
ln N

(SO + N)

−μ 1
sin(Ω) + 1

sin(2θ − Ω)
(2)

Where μ is the x-ray absorption coefficient for 3Y-TZP (0.0640 μm−1),37 N is the noise 

level, S0 the detected signal, Ω the incident angle and 2θ − Ω, the diffracted angle.

Microstructure – grain size

A set of as-sintered discs corresponding to each sintering temperature was polished to a 0.5 

μm finish. Specimens were thermally etched prior to examination using an atomic force 

microscope (AFM, Innova, Bruker) in contact mode. The mean real grain size was 

determined using the lineal intercept technique38 using a correction of 1.56, assuming 

equiaxed grains.39

Biaxial flexural strength (BFS)

The mean BFS was measured in air according to ISO standard 6872,40 using a universal 

testing machine equipped with a 5kN load cell at a crosshead speed of 0.5 mm/min (Instron 

5965) in a piston on ring-of-balls configuration.41 Piston, fixture and balls were made of 

440C stainless steel. The piston diameter was 6.35 mm, the diameter of the supporting balls 
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was 1.4 mm and the radius of the support circle was 6 mm. The treated side was placed in 

tension.

Statistical analyses

XRD results were analyzed by ANOVA to detect statistically significant differences between 

groups. Adjustment for all pairwise group comparisons was made using the Tukey method in 

conjunction with an overall 0.05 level of significance. BFS results were analyzed using 

Weibull statistics. The Weibull modulus, characteristic strength, safety factors and maximum 

allowable stress levels for a probability of survival of 0.999 were calculated for each 

treatment group,31 and derived from Weibull analyses. Briefly, a safety factor was first 

defined as the ratio of the mean strength to the value of the maximum allowable stress. The 

Weibull distribution was then expressed in terms of mean strength using the following 

expression (3):

Ps = exp − σ
σ Γ 1 + 1

m
m

(3)

where Ps is the probability of survival, σ is the strength, σ is the mean strength, Γ is the 

gamma function, and m is the Weibull modulus. A given value of Ps = 0.999, considered as 

adequate for dental ceramics, was chosen. The corresponding safety factor (sf) and 

maximum allowable stress (σ allowable) were calculated using the following expression (4):

sf = σ
σ allowable =

Γ 1 + 1
m

ln 1
Ps

1
m

(4)

Reversely, after setting a maximum allowable stress of 700 MPa, and knowing the strength 

and Weibull modulus, the corresponding probability of survival was calculated.

Weibull distributions were compared following an approach derived from Ramadhan et al.42 

and Thompson43. Likelihood contour plots were obtained using R statistical software.44 

These plots show the 50 to 99% confidence bounds of the estimate for beta (β), the Weibull 

shape parameter, on the Y-axis, and the 50 to 99% confidence bounds of the estimate of eta 

(η), the characteristic strength (η=σ0), on the X-axis. If the 95% contour plots intersect, 

Weibull parameters are not statistically different at the 95% confidence level.

RESULTS

XRD – cubic and cubic-related t’-phase

Representative XRD patterns in standard incidence configuration for as-sintered groups are 

shown in Figure 1A. A small amount of cubic phase was present in group AS1350. Kα2 

stripping revealed 400 and 004 reflections associated with a cubic-derived t’-phase in all 

other as-sintered groups. Fractions of cubic or cubic-derived t’-phase (Vc) are listed in Table 

1 and increased linearly with sintering temperature from 10.8 (1.4)% for group AS1350 to 

25.2 (1.7)% for group AS1600 (R2=0.98). There were statistically significant differences in 
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Vc between all pairs of groups, except between groups AS1550 and AS1600, after 

adjustment for multiple comparisons.

GIXRD – monoclinic phase as a function of depth

Representative GIXRD patterns are shown in Figure 1B for each treatment group. Airborne-

particle abrasion was associated with the formation of m-phase for all treated groups, 

regardless of sintering temperature. This was accompanied by ferroelastic domain switching 

(FDS), as indicated by the relative intensity reversal for the t002 and t110 reflections of the t-
phase. Meanwhile, heat treatment after airborne-particle abrasion led to a reversal of the t-m 
transformation, while FDS remained, regardless of sintering temperature. As shown in 

Figure 2, the relative volume fraction of m-phase overall decreased with penetration depth 

for all AA groups, regardless of sintering temperature. Group AA1350 showed the greatest 

variability in relative volume fraction (Xm) of m-phase as a function of depth, followed by 

group AA1600. Groups AA1450 exhibited the most consistent relative fractions of m-phase 

as a function of penetration depth. The relative amount of m-phase present at the surface of 

the specimens was largest for group AA1600, followed by AA1550, AA1450 and AA1350.

Microstructure – grain size

Representative atomic force micrographs for each treatment group are displayed in Figure 3. 

As expected, the mean real grain size increased from 0.35 (0.03) μm (AS1350) to 0.96 (0.12) 

μm (AS1600). The mean real grain size is indicated on each micrograph. Multiple twinned 

grains were observed after sintering at 1550°C and above, tentatively identified as t’ grains 

(Figure 3E).

Biaxial flexural strength and Weibull analyses

Scatter plots of the BFS data are displayed in Figure 4A. Following adjustment for multiple 

comparisons, there were no statistically significant differences in mean BFS amongst groups 

AS1350, AS1450 and AS1600. Airborne-particle abrasion (AA) significantly increased the 

mean BFS for all groups regardless of sintering temperature. Heat treatment after AA 

significantly decreased the mean BFS, compared to AA alone. However, the mean BFS of 

groups AAHT1350 and AAHT1450 was significantly higher than that of matching as-

sintered controls.

Weibull moduli (m) and calculated characteristic strength values are summarized in Table 1. 

Weibull plots are displayed in Figure 4B. Reliability, as expressed by m, was highest for 

group AAHT1450 (20.9 (1.3)), followed by AAHT1550 (19.8 (0.9)), and AA1450 (17.6 

(0.7)). There were no statistically significant differences found among these 3 groups 

(unadjusted P>0.08). AA alone significantly improved reliability relative to as-sintered 

condition only for groups AA1450 and AA1600. AA followed by heat treatment 

significantly increased reliability compared to as sintered groups, except for groups sintered 

at 1550°C. Groups sintered at 1600°C were all among the lowest 5 in terms of reliability.

Safety factors and maximum allowable stress (MAS) for a fixed probability of survival (Ps) 

of 0.999, as well as the calculated Ps for a MAS of 700 MPa, arbitrarily chosen as an upper 

value of masticatory stress, are listed in Table 1. Both AA and heat treatment after AA 
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significantly increased Wm for all treatment groups. Wm was highest for group AAHT1450, 

followed by AAHT1550, AA1450, AAHT1350 and AA1550.

The calculated MAS corresponding to a Ps of 0.999 was 1047 MPa for group AA1450, 

followed by 916 MPa for group AA1550, 887 MPa for group AAHT1450, and 799 MPa for 

group AAHT1550. The group associated with the lowest MAS was AS1600, with 404 MPa, 

followed by AS1350, with a MAS of 452 MPa. The calculations of the Ps for a set MAS of 

700 MPa followed the same trend, with the lowest Ps for group AS1600 (P=0.9542) 

followed by AS1350 (P=0.9658). All other groups had a Ps greater than 0.98 for this MAS 
condition.

Likelihood contour plots of beta (β), the Weibull shape parameter, as a function of eta 

(η=σ0), the characteristic strength, are shown in Figure 5. Contour plots intersected for 

groups AS1350, AS1450, AS1600 and AAHT1600 in a first cluster, and groups AAHT1350, 

AAHT1450 and AS1550 in a second cluster, indicating no significant difference in Weibull 

parameters within these two clusters, while all other groups were significantly different 

(P<0.05).

DISCUSSION

The purpose of this study was to investigate the effect of phase assemblage on reliability of 

3Y-TZP. Our results demonstrate that phase assemblage modulated either by sintering 

temperature or post-processing treatment affects the reliability of 3Y-TZP ceramics. 

Therefore, the null hypothesis stating that phase assemblage had no effect on reliability was 

rejected.

Grain size and fraction of cubic-derived phase

The variation observed in grain size as a function of sintering temperature is in line with 

previously published data for 3Y-TZP. Standard incidence XRD in the 72-76° range revealed 

the presence of cubic-derived t’-phase in as-sintered groups, the volume fraction of which 

increased linearly with sintering temperature from 1450 to 1600°C. These results are in 

agreement with the literature.10, 33, 42 Scott42 first outlined the eventuality of a diffusion-less 

shear transformation from cubic to tetragonal in Y-TZP, leading to the formation of a second 

tetragonal phase, t’. This was further confirmed by electron diffraction.43 XRD studies later 

demonstrated that when TZP ceramics are sintered at temperatures in excess of 1450°C, 

some or all of the cubic zirconia transforms into t’-phase after cooling.33, 44 This non-

transformable t’ phase is characterized by a lower tetragonality and a higher yttrium content 

than the transformable t-phase.45

Relative fraction of monoclinic phase vs. depth

GIXRD experiments revealed that the relative volume fraction of m-phase as a function of 

depth was most variable for group AA1350, followed by AA1600, AA1550 and AA1450. 

This variability explains the results obtained for the Weibull modulus, for which the same 

ranking applied. The reliability of 3Y-TZP therefore appears to correlate with how reliably 

the t-m transformation occurred, rather than be linked to the relative fraction of m-phase 

formed. Furthermore, these results indicate that sintering temperature and therefore grain 
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size, appears to influence the variability of the transformation. This is consistent with the 

observation that larger grains are more prone to transformation and transform more reliably.
13

Biaxial flexural strength – Weibull modulus

Results obtained for the mean BFS after airborne-particle abrasion, or after airborne-particle 

abrasion followed by heat treatment can be readily explained by the presence of compressive 

residual stresses after the t-m transformation triggered by air-particle abrasion and 

subsequent elimination of these stresses following heat treatment. This general trend was 

observed, regardless of sintering temperature. However, numerous studies have shown that 

the t-m transformation is not the only strengthening mechanism in 3Y-TZP and that ferro-

elastic domain switching (FDS) is also responsible for a significant amount of strengthening. 

FDS corresponds to a reorientation of ferroelastic domains and is evidenced by a reversal of 

the intensity of the (200) and (002) x-ray reflections for 3Y-TZP. Importantly, as opposed to 

the t-m transformation, FDS is not reversible. Based on our experimental design, as-sintered 

groups only undergo localized t-m transformation upon fracture. Meanwhile AA specimens 

have already undergone some degree of t-m transformation and irreversible FDS, fracture 

occurrence therefore requires that both strengthening mechanisms be overcome. In air-

particle abraded and heat-treated specimens, the reverse m-t transformation has occurred but 

FDS is no longer available as a strengthening mechanism, leaving the t-m transformation as 

the only mechanism left for strengthening. By comparing strength values, the contribution of 

each strengthening mechanism can be estimated. BFS results show that FDS contribution 

was highest for AA1350 (39.4%), followed by AA1450 (30.4%), AA1600 (23.4%) and 

AA1550 (11.6%). Concurrently the t-m transformation contribution decreased from AA1350 

(15.6%) followed by AA1450 (14.6%), AA1550 (9.7%), and AA1600 (0.5%). These results 

are in line with the measured fraction of non-transformable t’-phase, which was found to be 

highest in groups sintered at 1600°C.

As mentioned earlier, the values obtained for the Weibull modulus of the AA groups match 

the variability in the fraction of m-phase measured as a function of depth, with group 

AA1350 having the lowest Weibull modulus of all AA groups and the highest variability in 

m-phase fraction as a function of depth. This was indirectly confirmed by the fact that the 

Weibull modulus of the corresponding air abraded and heat-treated group (AAHT1350) was 

significantly higher. This is in line with studies by Chintapalli et al.,22, 25 demonstrating the 

presence of a non-homogeneous transformation gradient after air-particle abrasion of 3Y-

TZP. Higher Weibull moduli were also observed for groups AAHT1450 and AAHT1550, 

compared to AA1450 and AA1550. This trend could be due to the reverse m-t 
transformation and the elimination of the associated compressive stresses. Meanwhile, it has 

been shown that heat treatment after AA or surface grinding leads to surface recrystallization 

into smaller grains (20-200 nm).38,39 These nano-sized grains reduce the susceptibility of 

zirconia to low temperature degradation and may also be associated with a more even 

surface flaw distribution thereby explaining the observed increase in Weibull modulus.16
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Maximum allowable stress – probability of survival

Maximum allowable stresses (MAS) and survival probability (Ps) calculations clearly 

indicate that groups AS1350 and AS1600 were associated with the lowest MAS for 

Ps=0.999 and the lowest Ps for MAS=700 MPa. Meanwhile groups exhibiting the highest 

MAS were AA1450, AAHT1450, AA1550 and AAHT1550. These same groups had a Ps of 

1 when MAS was fixed at 700 MPa. Although core fractures are infrequent with 3Y-TZP 

dental restorations,40 the present study demonstrated that sintering temperatures of 1350 and 

1600°C are not optimal for zirconia ceramics stabilized with 3 mol.% yttria.

CONCLUSIONS

Within the limitations of this in vitro study the following conclusions may be drawn:

• The sintering temperature affected the phase assemblage in as-sintered 3Y-TZP, 

with a linear increase in the amount of cubic or cubic-derived non-transformable 

t’-phase in the 1350-1600°C range. The pattern of biaxial flexural strength 

results indicated that ferro-elastic domain switching was a dominant 

strengthening mechanism in 3Y-TZP after airborne-particle abrasion.

• FDS strengthening contribution was largest for group AA1350 and decreased 

with increasing sintering temperature. The increase in the fraction of non-

transformable t’-phase with sintering temperature was paired with a decrease in 

flexural strength for all groups sintered at 1600°C.
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CLINICAL IMPLICATIONS

When selecting a sintering program for zirconia ceramics stabilized with 3 mol. % yttria, 

technicians and clinicians should keep in mind that sintering at a temperature of 1600°C 

is detrimental to both strength and reliability of 3Y-TZP and should therefore be avoided. 

Meanwhile, airborne-particle abrasion is confirmed as a recommended processing step as 

it was found to be associated with an increase in both strength and reliability, particularly 

when 3Y-TZP was sintered at 1350°C. These results were explained by the crystalline 

phase assemblage.
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Figure 1. 
A: Standard incidence X-ray diffraction patterns of the various as-sintered groups in the 

72-76° (2θ) range; B: Grazing incidence x-ray diffraction patterns of the various 

experimental groups in the 27-37° (2θ) range.

Denry et al. Page 13

J Prosthet Dent. Author manuscript; available in PMC 2021 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
As-measured volume fractions of monoclinic (Xm) phase as a function of depth for air-

particle abraded groups.
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Figure 3. 
Representative atomic force micrographs for the various groups (contact mode). A: Sintered 

at 1350°C; B: Sintered at 1450°C; C: Sintered at 1550°C; D: Sintered at 1600°C. E: Higher 

magnification of specimen sintered at 1550°C, arrow indicates a twinned grain tentatively 

identified as t’-phase.
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Figure 4. 
A: Scatter plots of the biaxial flexural strength values for each treatment group (horizontal 

bars represent mean ± SD); B: Weibull plots of the various treatment groups.
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Figure 5. 
Confidence contour plots at the 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.975 and 0.99 confidence levels 

for each experimental group. Intersecting contour plots indicate no significant difference in 

Weibull parameters.
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Table 1.

Volume fraction (Xc-t’) of cubic-derived c and t’-phase, mean biaxial flexural strength (BFS), characteristic 

strength (σ0) and Weibull modulus (m) for the various treatment groups. Calculated maximum allowable stress 

(MAS) for a fixed probability of survival Ps of 0.999, safety factor and Ps associated with a fixed MAS of 700 

MPa for each treatment group.

Group Xc-t’ (SD)
(%)

BFS (SD)
(MPa)

σ0 (SD)
(MPa)

Weibull modulus
m (SD)

MAS
(MPa)

Safety factor Ps

Ps=0.999 (MAS=700 MPa)

AS1350 10.8 (1.4)a 1000 (146)a 1061 (6) 8.1 (0.5)a 452 1.429 0.9658

AA1350 1553 (201)e 1656 (5) 9.1 (0.3)g 767 2.219 0.9996

AAHT1350 1156 (87)bc 1210 (7) 15.4 (1.7)c 762 1.651 0.9997

AS1450 17.3 (1.3)b 1036 (114)a 1101 (4) 13.3 (0.5)a 552 1.480 0.9885

AA1450 1502 (102)de 1566 (3) 17.6 (0.7)f 1047 2.146 1.0000

AAHT1450 1202 (69)bc 1249 (3) 20.9 (1.3)c 887 1.717 1.0000

AS1550 20.8 (1.5)c 1147 (89)bc 1204 (7) 15.0 (1.4)c 751 1.639 0.9996

AA1550 1391 (108)d 1458 (3) 15.2 (0.6)e 916 1.987 1.0000

AAHT1550 1102 (66)ab 1147 (2) 19.8 (0.9)b 799 1.574 0.9999

AS1600 25.2 (1.7)c 1015 (143)a 1099 (14) 7.0 (0.8)a 404 1.450 0.9542

AA1600 1258 (115)c 1327 (6) 12.8 (0.9)d 764 1.797 0.9997

AAHT1600 1020 (103)a 1074 (6) 11.6 (1.0)a 589 1.457 0.9925

Identical letters denote no statistically significant difference after adjustment for multiple comparisons
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