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Abstract: Tempered martensite embrittlement (TME) is investigated in two medium carbon, high
strength steels, 4340 (low silicon) and 300-M (high silicon), via rapid (1, 10, or 100 s) and conventional
(3600 s) tempering. Rapid tempering of 4340 diminishes the depth of the TME toughness trough,
where improvements in impact toughness correspond to the suppression of retained austenite decom-
position. In 300-M, retained austenite decomposition is suppressed to an even greater extent by rapid
tempering. While toughness improves overall after rapid tempering, TME severity remains consis-
tent in 300-M across the tempering conditions examined. Through interrupted tensile tests, it was
found that the 300-M conditions that exhibit TME are associated with mechanically unstable retained
austenite. Unstable retained austenite is shown to mechanically transform early in the deformation
process, presumably resulting in fresh martensite adjacent to interlath cementite that ultimately
contributes to TME. The present results emphasize the role of both the thermal decomposition and
mechanical transformation of retained austenite in the manifestation of TME.

Keywords: steel; tempered martensite embrittlement; retained austenite; rapid tempering; impact
toughness

1. Introduction

Tempered martensite embrittlement (TME) is a phenomenon characterized by a reduc-
tion in the room temperature toughness of steels tempered within the regime associated
with retained austenite decomposition [1]. The embrittlement associated with TME lim-
its the strength–toughness properties achievable in medium carbon, high strength steels
such as AISI 4340. However, rapid tempering on the scale of seconds has recently been
shown to reduce TME in 4340 steel, leading to significantly improved strength-toughness
combinations [2–5]. In addition to suppressing TME, rapid tempering is associated with a
greater preservation of retained austenite upon tempering compared to more conventional
treatments [2,3,6].

Tempering is associated with specific microstructural changes that are often separated
into three stages [1,7]. The first stage of tempering (100–250 ◦C) involves the formation of
transition carbides from supersaturated martensite. At higher temperatures (200–300 ◦C),
retained austenite decomposes to ferrite and cementite in what is known as stage two tem-
pering. Finally, stage three (250–350 ◦C) tempering entails the replacement of low-carbon
martensite and transitions carbides with ferrite and cementite. In addition to a distinct
microstructural evolution, tempering is commonly associated with specific changes in
mechanical properties [8,9]. With increased tempering (higher temperatures and longer
times), toughness and ductility typically increase while strength and hardness are reduced.
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However, TME represents a regime in which increased tempering results in a reduction
in toughness, even while hardness and strength decrease. TME is associated with several
proposed mechanisms within the literature, including retained austenite decomposition
to ferrite and cementite, cementite coarsening, and the mechanical transformation of re-
tained austenite to fresh martensite. Many [10–14] attribute TME to retained austenite
decomposition into interlath cementite (and ferrite) during tempering, where cementite
then acts as an embrittling agent by providing preferred crack initiation sites and propa-
gation pathways. Others [15–17] emphasize the role of inter- and/or intra-lath cementite
coarsening, in which precipitates are assumed to reach some critical particle size such that
fracture is promoted. Horn and Ritchie [11] proposed that both the thermal decomposition
and mechanical transformation of retained austenite contribute to TME, as the transfor-
mation of interlath retained austenite to cementite or fresh martensite both result in the
presence of a brittle constituent at lath boundaries. Although not studying TME specifically,
Tomita and Okawa [18] also attributed brittle behavior in a 300-M alloy to the mechanical
transformation of unstable retained austenite during deformation.

Previous studies [2–4] relate the improvement in toughness associated with rapid
tempering of 4340 to the greater retention of austenite during tempering. Recently, the
combined influence of silicon alloying and rapid tempering on retained austenite decompo-
sition was explored by rapidly tempering 300-M, a high-silicon version of 4340 [6]. Silicon
delays the decomposition of retained austenite to higher temperatures and/or longer
times [19,20], thus affecting TME behavior [11]. A significant increase in retained austenite
preservation was observed via the rapid tempering of 300-M compared to rapidly tempered
4340 and conventionally tempered conditions. Given the proposed theory that TME is
diminished in rapidly tempered 4340 due to the enhanced preservation of retained austen-
ite during tempering, rapidly tempered 300-M may offer an even greater improvement
in toughness performance within the TME regime. Here, the properties associated with
rapidly and conventionally tempered 4340 and 300-M are compared to investigate the role
of retained austenite in the manifestation of TME in these alloys.

2. Materials and Methods

The chemical compositions of the 4340 and 300-M alloys used in the current study
are displayed in Table 1. Carbon content is indicated for each alloy, displaying both the
concentrations reported by the manufacturer and the values measured by the authors
using LECO combustion analysis (footnote). The 4340 alloy was received in the form
of a 12.7 mm (0.5 in) plate in the annealed condition. The 300-M material was received
as two 22.2∅ × 15.2 cm (8.75∅ × 6 in) cylindrical billets in the hot-rolled condition.
Prior to heat treatment, the material was machined into longitudinal Charpy and tensile
blanks for easier processing. Charpy and tensile blanks were machined from the original
300-M billet at a consistent radial position. All specimens were austenitized at 845 ◦C
(4340) or 870 ◦C (300-M) for 1 h and were quenched into room temperature, agitated oil.
Austenitizing temperatures were chosen to produce a similar expected grain size and to
adhere to recommended industrial heat treatment practices [21]. Conventional (3600 s)
tempers were performed in a nitrate salt bath (4340) or box furnace (300-M) followed by
water quenching. Rapid (1, 10, and 100 s) tempering was executed using a Gleeble® 3500
(Dynamic Systems Inc., Poestenkill, NY, USA) where a heating rate of 420–1000 ◦C/s was
achieved, followed by quenching with helium. See [4,22] for a detailed account of the rapid
tempering procedures.

Tempering times of 1, 10, 100, and 3600 s were chosen to represent conventional
(3600 s) and rapid (1, 10, 100 s) tempering treatments. Conventional time–temperature
combinations were chosen to coincide with the TME regime of each alloy, and rapid
tempering treatments were subsequently designed using the conventional treatments as a
baseline. The temperature regimes associated with TME in 4340 and 300-M are relatively
well documented within the literature [10,11]. TME typically manifests after tempering
between 200 and 400 ◦C in 4340, while a higher temperature regime of 350 to 500 ◦C
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is associated with TME in 300-M. Thus, these temperature ranges were chosen for the
conventional tempering treatments of the two steels, as shown in Table 2. Rapid (short
time) treatments were selected such that the rapid and conventional conditions produced
an equivalent tempered hardness, with the intent of applying an “equivalent degree”
of tempering. A time–temperature–hardness study was conducted to determine time–
temperature combinations that would produce hardness values similar to the base 3600 s
conditions of 4340 and 300-M. Table 2 displays the utilized time–temperature combinations,
where for a given alloy, each column corresponds to an “equivalent” temper. The range of
average hardness values across all time conditions is shown for each column of equivalent
time-temperature combinations. As indicated, there is only a small variation in the achieved
hardness across the tempering times for a given “equivalent” hardness. The results of the
present study are represented as a function of the measured hardness to account for any
mechanical or microstructural changes related to the slight variations in tempered hardness.

Table 1. Chemical composition of research materials (wt pct).

wt pct C 1 Mn Si Ni Cr Mo Ti

4340 0.41 0.71 0.25 1.76 0.75 0.26 -
300-M 0.42 0.72 1.58 1.93 0.80 0.40 0.003

wt pct Nb V Al S P Cu Sn

4340 0.005 0.047 0.008 0.001 0.009 0.14 -
300-M - 0.08 0.038 0.001 0.006 0.12 0.009

1 Carbon analysis using LECO combustion analysis resulted in measured carbon values of 0.47 and 0.46 wt pct for
4340 and 300-M, respectively.

Table 2. 4340 and 300-M tempering matrices and associated tempered hardness ranges.

Alloy Time (s) Temperature (◦C)

4340

3600 200 250 300 350 400
100 241 295 350 404 458
10 271 329 386 444 501
1 305 366 427 489 550

Range of Average
Hardness (HV) 624–657 582–593 538–548 507–527 461–489

300-M

3600 350 400 450 500 550
100 404 434 517 544 567
10 441 462 519 555 612
1 434 486 538 575 619

Range of Average
Hardness (HV) 611–619 586–595 526–538 508–514 492–500

Uniaxial tensile testing was conducted using a 10 mm extensometer to measure
displacement at an engineering strain rate of 0.015 mm/mm/min. Ultimate tensile strength
(UTS) was taken to be the highest stress value, while yield strength (YS) was calculated
using the 0.2% offset method. Room temperature Charpy V-notch testing was conducted
in accordance with ASTM E23 [23]. Samples were taken in the longitudinal-transverse
orientation with respect to the original 4340 plate. For 300-M samples, the Charpy specimen
V-notch was machined on the face of the blank closest to the outer diameter of the billet.
Microhardness measurements were conducted using an automatic LECO AMH55 (300-M)
(LECO, St. Joseph, MO, USA) and a manual LECO MHT200 (4340) (LECO, St. Joseph, MO,
USA) micro-indentation hardness tester with a 500 g-f load and a 10 s dwell time. Samples
were prepared via mounting and polishing to a 1 µm finish. A minimum of 1 mm of the
exposed surface was removed in order to eliminate any effects of decarburization.

Mössbauer spectroscopy samples were prepared via mechanical grinding to a thick-
ness of approximately 80 µm. Subsequent thinning was performed using a solution of
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10 parts deionized water, 10 parts hydrogen peroxide, and 1 part hydrofluoric acid to
achieve a final thickness between 15 and 40 µm. The Mössbauer experiments have been
described in further detail elsewhere [3,6]. Each Mössbauer spectrum was fit with multiple
sub-spectra associated with resonance from martensite/ferrite (α), retained austenite (γR),
cementite (θ), and transition carbides (η) by optimizing the χ2-fitting parameter. Follow-
ing appropriate fitting of the overall spectrum with sub-spectra representing α, γ, η, and
θ, the resonance area values for each constituent were converted to Fe atomic fractions.
This conversion was achieved by first applying a thickness correction consistent with the
methodology outlined by Pierce et al. [24] followed by recoilless fraction corrections based
on the fraction of Fe sites associated with the effective thickness and recoilless fractions of
α, γ, η, [24] and θ [25], respectively. While the α, γ, η, and θ phases were all quantified with
Mössbauer spectroscopy, only the retained austenite and cementite results are presented
here. Further details regarding the fitting process, calculation of the phase fractions, and
error analysis associated with the Mössbauer spectroscopy data are presented in previous
studies [3,6]. Results determined via Mössbauer spectroscopy are presented in terms of
atomic percent iron since these are the numbers that come directly from the Mössbauer
analysis. The volume per iron atom is similar in martensite/ferrite and austenite, only
varying by 0 pct up to 3 pct depending on the carbon in solution in the two phases [26].
Therefore, the atomic percent iron results presented here do not vary much from the more
conventional unit of volume percent.

The carbon concentration in the retained austenite was calculated from the fraction of
the Fe sites in the retained austenite without the carbon nearest neighbors:

r(0) =
(

1 − XC
1 − XC

)6
(1)

where XC is the atomic fraction of carbon in austenite, and r(0) is the Fe fraction associated
with the central resonance of the austenite Mössbauer spectrum [24,27,28]. The carbon
concentration could not be reliably quantified for conditions with an austenite content
below ~0.5 at. pct Fe; thus, an indicated carbon content of 0 signifies an associated austenite
amount below the 0.5 at. pct threshold.

X-ray diffraction (XRD) specimens were prepared from tensile samples by section-
ing and lightly grinding the appropriate face with a progression of 250, 320, 400, and
600 grit metallographic paper. Samples were subsequently thinned in a solution of 10 parts
deionized water, 10 parts hydrogen peroxide, and 1 part hydrofluoric acid to achieve a
thickness reduction of at least 0.005 in (0.127 mm) as per ASTM standard E975 [29]. Re-
tained austenite volume fractions were determined using graphite monochromated copper
radiation and a Siemens D500 diffractometer with the operating conditions of 30 kV and
25 mA. The Siemens diffractometer was instrumented with a scintillation detector and
1◦ slit. The samples were scanned over a 2θ range from 40 to 105◦, with a step size of 0.02◦

and an 18 s dwell time. The sample was continuously rotated during data collection to
mitigate texture effects. A total of four ferrite/martensite peaks ({110}, {200}, {211}, {220})
and four austenite peaks ({111}, {200}, {220}, {311}) were compared to determine the amount
of retained austenite. The peaks were fit using a Voigt profile (mixture of Gaussian and
Lorentzian distributions). The full-width-half-max and height of the identified peaks were
used to quantify the intensity of each peak. Retained austenite percentages were calculated
in accordance with the SAE method [30].

3. Results
3.1. Tensile Properties

Yield (σ0.2) and ultimate tensile (σUTS) strength results are displayed in Figure 1 as a
function of hardness. Consistent σ0.2 values are largely observed across tempering time
conditions for a given alloy, with greater differences at lower hardness values. The yield
strength behavior varies significantly when comparing 4340 and 300-M within a consistent
hardness regime. At high hardness values, yield strength reductions with tempering are
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smaller in the 4340 alloy, whereas 300-M exhibits a greater decrease in yield strength with
decreasing hardness, albeit from a higher initial value. Above ~580 HV, 300-M shows
significantly higher yield stress values compared to 4340, and lower values below ~580 HV.
The microstructural mechanisms that contribute to the varied yield strength between 300-M
and 4340 at a given hardness are not presently understood, although it is interesting to note.
For both alloys, hardness and σUTS follow a linear relationship. Ultimate tensile strength
values are relatively consistent across 4340 and 300-M at a given hardness, although
there is a slightly reduced strength associated with 300-M. The 4340 strength results were
previously presented in [3] as a function of the Hollomon–Jaffe tempering parameter. The
4340 results were previously presented as a function of the tempering parameter in [3]
and showed that shorter tempering times exhibited systematically lower tensile strengths
compared to longer tempering times. This behavior is now thought to be a result of slight
differences in hardness at a given tempering parameter.
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Figure 1. Comparison of (a) yield strength (0.2 pct offset) and (b) ultimate tensile strength of 4340 (closed) and 300-M (open)
as a function of decreasing hardness.

3.2. Room Temperature Impact Toughness

The 4340 and 300-M impact toughness results are compared in Figure 2 as a function of
tempered hardness, where decreasing hardness reflects a greater degree of tempering. Both
alloys exhibit a differentiation in toughness with respect to tempering time, where shorter
tempering times are associated with an improvement in impact toughness. A noticeable
difference in the relationship between tempering time and TME severity is observed
between 4340 and 300-M. TME severity is related to the magnitude of the observed decrease
in toughness, where more severe TME is associated with a greater reduction in toughness
as a function of tempering. The TME severity decreases with decreasing tempering time in
4340, where shorter tempering times exhibit smaller or non-existent reductions in toughness
with increased tempering (decreased hardness). In contrast, 300-M does not exhibit a clear
relationship between tempering time and TME severity since a similar toughness reduction
is present for all of the 300-M tempering conditions that were examined. Quasi-cleavage
fracture was observed in both alloys within the TME regime; however, a greater prevalence
of ductile features was associated with shorter tempering times (see [4] for quantitative
analysis of 4340).
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3.3. Retained Austenite

Mössbauer spectroscopy was utilized to quantify the retained austenite phase fraction
for all of the 4340 and 300-M tempering conditions. Figure 3 displays retained austenite
content as a function of tempered hardness for all of the time conditions of 4340 and 300-M.
Retained austenite decomposition occurs to different degrees with increased tempering
(lower hardness) for all conditions. Shorter tempering times (associated with higher
temperatures) are shown to suppress retained austenite decomposition in both 4340 and
300-M. Overall, 300-M exhibits greater amounts of retained austenite compared to 4340 at
an equivalent hardness. The greater preservation of retained austenite in 300-M is attributed
to silicon’s suppression of retained austenite decomposition. An in-depth discussion of
the combined influence of rapid tempering and silicon on microstructural evolution upon
tempering is covered elsewhere [6].

Metals 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

A previous study [6] showed that the retained austenite carbon enrichment in 300-M co-
incides with the regime in which retained austenite decomposition and cementite precip-
itation are suppressed, whereas the depletion of carbon in retained austenite aligns with 
significant cementite precipitation and retained austenite decomposition. Thus, retained 
austenite decomposition involving the incorporation of carbon into newly forming ce-
mentite is believed to drive the depletion of carbon in the retained austenite of 300-M. In 
contrast, the 4340 retained austenite carbon concentration remains consistent throughout 
retained austenite decomposition and tempering as a whole. This behavior is not as well 
understood and requires further investigation. 

 
Figure 3. Retained austenite content (at pct Fe) as a function of tempered hardness for all time con-
ditions of 4340 (closed) and 300-M (open). Hardness is represented on a decreasing scale. Repre-
sented error is associated with the uncertainty of the measurement technique, Mössbauer spectros-
copy [3]. Figure is reproduced from [6] with permission. 

 
Figure 4. Carbon concentration of retained austenite (Cγ, wt pct) as a function of tempered hardness 
for all time conditions of 4340 (closed) and 300-M (open). Hardness is represented on a decreasing 
scale. Error bars are not included to facilitate clear identification of trends although average meas-
urement error is േ0.15 wt pct. Figure is reproduced from [6] with permission. 

  

Figure 3. Retained austenite content (at pct Fe) as a function of tempered hardness for all time condi-
tions of 4340 (closed) and 300-M (open). Hardness is represented on a decreasing scale. Represented
error is associated with the uncertainty of the measurement technique, Mössbauer spectroscopy [3].
Figure is reproduced from [6] with permission.
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Figure 4 displays the carbon concentration of retained austenite as a function of tem-
pered hardness for all 300-M and 4340 tempering conditions. The carbon concentration
of the as-quenched (AQ) conditions of 4340 and 300-M is consistent with the bulk carbon
content of both alloys (LECO value). Initial tempering leads to the carbon enrichment of the
retained austenite in both the 4340 and 300-M alloys, although to different degrees. A car-
bon concentration of ~1.2 wt pct is reached in 300-M, while 4340 only enriches to ~0.8 wt
pct within the same hardness regime (~600–620 HV). With further tempering (<600 HV),
300-M exhibits a marked decrease in retained austenite carbon concentration from ~1.2 to
~0.4 wt pct, while 4340 has a relatively constant carbon content of ~0.6–0.85 wt pct. A pre-
vious study [6] showed that the retained austenite carbon enrichment in 300-M coincides
with the regime in which retained austenite decomposition and cementite precipitation are
suppressed, whereas the depletion of carbon in retained austenite aligns with significant
cementite precipitation and retained austenite decomposition. Thus, retained austenite
decomposition involving the incorporation of carbon into newly forming cementite is
believed to drive the depletion of carbon in the retained austenite of 300-M. In contrast,
the 4340 retained austenite carbon concentration remains consistent throughout retained
austenite decomposition and tempering as a whole. This behavior is not as well understood
and requires further investigation.
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Figure 4. Carbon concentration of retained austenite (Cγ, wt pct) as a function of tempered hardness
for all time conditions of 4340 (closed) and 300-M (open). Hardness is represented on a decreas-
ing scale. Error bars are not included to facilitate clear identification of trends although average
measurement error is ±0.15 wt pct. Figure is reproduced from [6] with permission.

4. Discussion

TME severity is thought to be reduced in 4340 with more rapid tempering (at an
equivalent degree of tempering) via the suppression of retained austenite decomposition,
whereby less interlath cementite is available to act as an embrittling agent. This theory
has been discussed in previous studies [2,3,6] and is supported by the often observed
connection between retained austenite decomposition and TME [10–14]. Thus, it might be
expected that a greater preservation of retained austenite during tempering should always
diminish embrittlement associated with TME. However, this behavior is not observed in
300-M, as illustrated in Figure 5. Figure 5 shows the maximum decrease in toughness (ab-
sorbed energy at 25 ◦C) associated with all of the time conditions of 300-M and 4340, where
a larger decrease in absorbed energy is associated with more distinctive TME behavior.
The maximum decrease in toughness refers to the difference in absorbed energy between
the condition prior to the appearance of TME with the highest toughness and the condi-
tion within the TME trough with the lowest toughness. Here, the appearance of TME is
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associated with an observed decrease (or plateau) in toughness with increasing tempering
(decreasing hardness). The percent of retained austenite decomposed between the maxi-
mum and minimum toughness conditions is also displayed for each tempering time. For
example, in the 3600 s condition of 4340, 98 percent of the retained austenite present in the
maximum toughness condition has decomposed in the minimum toughness condition. The
conventional 4340 condition exhibits moderate TME severity, with a maximum decrease
in absorbed energy of 4 J. As tempering time decreases (within an equivalent tempered
hardness regime), retained austenite decomposition is suppressed and TME severity di-
minishes. Compared to 4340, the conventional tempering condition of 300-M is associated
with a more severe, deeper TME trough, with a maximum decrease in absorbed energy
of ~12 J. Moreover, 300-M exhibits even more retained austenite preservation with rapid
tempering yet no accompanying diminishment of the TME trough. Therefore, retained
austenite is thought to play different roles in the manifestation of TME in 4340 and 300-M
in the present work.

Metals 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

4. Discussion 
TME severity is thought to be reduced in 4340 with more rapid tempering (at an 

equivalent degree of tempering) via the suppression of retained austenite decomposition, 
whereby less interlath cementite is available to act as an embrittling agent. This theory has 
been discussed in previous studies [2,3,6] and is supported by the often observed connec-
tion between retained austenite decomposition and TME [10–14]. Thus, it might be ex-
pected that a greater preservation of retained austenite during tempering should always 
diminish embrittlement associated with TME. However, this behavior is not observed in 
300-M, as illustrated in Figure 5. Figure 5 shows the maximum decrease in toughness (ab-
sorbed energy at 25 °C) associated with all of the time conditions of 300-M and 4340, where 
a larger decrease in absorbed energy is associated with more distinctive TME behavior. 
The maximum decrease in toughness refers to the difference in absorbed energy between 
the condition prior to the appearance of TME with the highest toughness and the condi-
tion within the TME trough with the lowest toughness. Here, the appearance of TME is 
associated with an observed decrease (or plateau) in toughness with increasing tempering 
(decreasing hardness). The percent of retained austenite decomposed between the maxi-
mum and minimum toughness conditions is also displayed for each tempering time. For 
example, in the 3600 s condition of 4340, 98 percent of the retained austenite present in the 
maximum toughness condition has decomposed in the minimum toughness condition. 
The conventional 4340 condition exhibits moderate TME severity, with a maximum de-
crease in absorbed energy of 4 J. As tempering time decreases (within an equivalent tem-
pered hardness regime), retained austenite decomposition is suppressed and TME sever-
ity diminishes. Compared to 4340, the conventional tempering condition of 300-M is as-
sociated with a more severe, deeper TME trough, with a maximum decrease in absorbed 
energy of ~12 J. Moreover, 300-M exhibits even more retained austenite preservation with 
rapid tempering yet no accompanying diminishment of the TME trough. Therefore, re-
tained austenite is thought to play different roles in the manifestation of TME in 4340 and 
300-M in the present work. 

 
Figure 5. Comparison of TME severity between 4340 and 300-M tempering conditions represented 
as the maximum decrease in toughness (bars) with increased tempering. Corresponding retained 
austenite decomposition levels (symbols + lines) are displayed with respect to the maximum and 

Figure 5. Comparison of TME severity between 4340 and 300-M tempering conditions represented
as the maximum decrease in toughness (bars) with increased tempering. Corresponding retained
austenite decomposition levels (symbols + lines) are displayed with respect to the maximum and
minimum toughness conditions used in determining the maximum decrease in toughness. The
negative value represented for the 4340—1 s condition indicates that there is no measured decrease
in toughness for this time condition. The tempering conditions evaluated are thus associated with
the smallest increase in toughness (plateau) within the TME regime for the 4340—1 s condition.

In a previous study that focused on the TME behavior of 4340 and 300-M, Horn
and Ritchie suggested that TME severity is controlled by both the thermal decomposition
and mechanical transformation of retained austenite [11]. During deformation/fracture,
the retained austenite remaining within the microstructure may mechanically transform
to fresh martensite due to mechanical instability. The newly transformed martensite,
adjacent to the existing cementite films, may then augment any existing embrittlement.
Therefore, according to Horn and Ritchie’s hypothesis, TME is primarily dependent on
the formation of interlath cementite during the second stage of tempering and may be
exacerbated by the mechanical transformation of retained austenite during deformation.
Given the relatively high retained austenite contents remaining after rapid tempering of
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300-M and the distinctive appearance of TME, it may be that TME is associated with both
the thermal and mechanical transformation of retained austenite in the 300-M conditions
of the present study. If TME is controlled by the thermal and mechanical transformation
of retained austenite, conditions that do and do not exhibit TME should show a marked
difference in the retained austenite content and/or the carbon concentration (stability) of
the retained austenite.

Figure 6 displays the retained austenite carbon concentration and impact energy as a
function of temperature for the 300-M in the 1 s tempering condition. A marked decrease
in toughness (representing TME) is observed between the 486 and 538 ◦C tempering
conditions. This clear decrease in toughness is accompanied by a significant decrease
in retained austenite carbon concentration, while the retained austenite fraction remains
nearly unchanged. The 300-M alloy exhibits a marked decrease in retained austenite
stability in conjunction with the appearance of TME, as interpreted by the decrease in
carbon concentration, while 4340 does not show a similar relationship due to the consistency
of Cγ across its tempering conditions. Rather, the appearance of TME in 4340 is more
strongly connected to a large reduction in the retained austenite amount.
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Figure 6. Impact energy and carbon concentration of retained austenite shown as a function of
tempering temperature for the 300-M, 1 s conditions. Tempering temperatures associated with the
appearance of TME are highlighted, and the associated retained austenite contents are shown.

While a lower retained austenite carbon concentration is typically associated with
lower mechanical stability, other factors, such as austenite morphology and size and sur-
rounding matrix properties, can also affect austenite stability [31,32]. Therefore, interrupted
tensile tests were performed on the 1 s-486 and 1 s-538 ◦C treatments to directly evaluate
the mechanical stability of the retained austenite and to test the proposed hypothesis. Based
on the carbon content results in Figure 6, it was expected that retained austenite associated
with the 538 ◦C condition would be significantly less stable than the 486 ◦C condition. A
total of three strain levels (0.008, 0.02, 0.04) were chosen to evaluate the degree of retained
austenite transformation. The 0.008 strain condition is within the elastic regime, while both
the 0.02 and 0.04 strains correspond to plastic deformation. Separate samples were used
for each strain condition.

Figure 7 shows retained austenite content as a function of engineering strain for the
486 and 538 ◦C tempering conditions. As strain increases, there is a general decrease in
the retained austenite content for both tempering treatments although the response is
much greater for the 538 ◦C condition. At 4 pct strain, 63 pct of the retained austenite
has transformed in the 538 ◦C condition, compared to only 15 pct in the 486 ◦C condition.
These results confirm that there is a significant difference in the mechanical stability of
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the retained austenite in the 1 s-486 ◦C and 1 s-538 ◦C conditions of 300-M, where the
observed decrease in the mechanical stability of the retained austenite coincides with
the appearance of TME. The mechanical transformation of retained austenite to fresh
martensite during deformation is thus believed to play a role in the severity of TME in
300-M, as first suggested by Horn and Ritchie [11].
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Tempered martensite embrittlement in both 4340 and 300-M is proposed to involve
the formation of a constituent on lath boundaries that promotes brittle fracture. In 4340,
this constituent is believed to be primarily cementite formed from the decomposition of
the interlath retained austenite during tempering. The suppression of retained austenite
decomposition via rapid tempering thus diminishes the severity of TME. In 300-M, inter-
lath cementite precipitation occurs during tempering and contributes to embrittlement,
much like 4340. In addition, the transformation of the unstable retained austenite to fresh
martensite early in the deformation process is believed to contribute to TME in 300-M.
Therefore, while the preservation of the retained austenite is critical in avoiding TME, the
stability of the remaining austenite is also important. Table 3 summarizes the proposed
microstructural contributions (it is noted that there may be other, unexplored contributions
to the embrittlement behavior. One such area of interest is the effect of phosphorus segrega-
tion to boundaries during tempering [33]. Since impurity segregation decreases boundary
surface energy [34], it is believed that the phosphorus segregation to the ferrite–cementite
boundaries may lead to a higher susceptibility to brittle fracture at these interfaces. Due to
the higher temperature regime associated with 300-M, ferrite–cementite boundaries and
interfaces during tempering compared to 4340. It would be of further interest to understand
how and if the different time/temperature regimes associated with 300-M and 4340 in this
study may affect phosphorus segregation and ultimately the embrittlement) that lead to
TME in 300-M and 4340 considering both rapid and conventional tempering conditions.
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Table 3. Proposed contributions to TME in 4340 and 300-M.

Condition Alloy Preservation of γR Mechanical Stability of γR TME Severity Embrittling Agent(s)

Conventional

4340 None n/a Medium Interlath Cementite

300-M Medium-High
Low: Transforms to fresh

martensite during
deformation

High
Interlath Cementite

+
Fresh Martensite

Rapid

4340 Medium-Low High Low Interlath Cementite

300-M High
Low: Transforms to fresh

martensite during
deformation

High
Interlath Cementite

+
Fresh Martensite

5. Conclusions

The toughness trough associated with TME is reduced through rapid tempering of
4340, where improvements in impact toughness with shorter tempering times (at an equiv-
alent hardness) are linked to the suppression of retained austenite decomposition into
interlath cementite. Retained austenite decomposition is suppressed to an even greater
extent through the rapid tempering of 300-M. While toughness increases overall, the TME
toughness trough is not diminished by rapid tempering in this alloy. Through interrupted
tensile tests, it was determined that 300-M conditions that exhibit TME are associated
with mechanically unstable retained austenite due to low carbon concentration. During
mechanical deformation, it is presumed that unstable retained austenite mechanically
transforms early in the deformation process, resulting in fresh martensite adjacent to inter-
lath cementite. Thus, due to the low stability of the remaining austenite, rapid tempering
does not reduce TME in 300-M; however, a general improvement in impact energy is still
observed with more rapid tempering. In order to effectively suppress TME, the prevention
of both thermal and mechanical retained austenite decomposition is important.
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