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The possibility for the National Institute for Standards and Technology (NIST) to certify Charpy reference specimens for testing at
room temperature (21 °C + 1 °C) instead of —40 °C was investigated in a previous study, in which a slightly increased likelihood of
specimen jamming was observed at the low-energy level (13 J to 20 J). Moreover, there is a concern that the higher impact toughness
of low-energy verification specimens at room temperature would not allow the same Charpy machine features to be verified as in the
case of low-temperature (—40 °C) tests, namely, the linear elastic behavior of the sample and the very high maximum forces (typically
larger than 33 kN). In this paper, we report on the change in the mechanical properties (hardness and absorbed energy) of the
American Iron and Steel Institute (AISI) 4340 steel low-energy specimens that ensues from the modification of the temperature of the
final tempering heat treatment. We established that, if low-energy verification specimens are tempered at 300 °C for 2 h and then air
cooled, they exhibit equivalent impact toughness (13 J to 20 J) and postimpact behavior (specimen halves projected backward at high
speed) at room temperature as compared to specimens currently on sale for testing at —40 °C. Their hardness is however increased to
above 49 HRC on the Rockwell scale. The minimum hardness requirement for low-energy verification specimens, currently set at 44
HRC in NIST specifications, will have to be increased to 49 HRC.
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1. Introduction

During the past 27 years, NIST has supplied industries and institutions in the United States and around
the world with certified Charpy V-notch reference specimens for the indirect verification of impact
machines in accordance with the American Society for Testing and Materials (ASTM) E23 standard [1].
The indirect verification of Charpy machines was added to ASTM E23 more than 50 years ago as a means
to reduce the scatter of Charpy test results and ensure the correct operation and maintenance of impact
machines [2]. The U.S. Army (Watertown Arsenal, Advanced Manufacturing and Mechanical Reliability
Center) originally developed the Charpy Verification Program, and in 1989, NIST assumed that
responsibility.

Three Charpy machines located at NIST in Boulder, Colorado, are used to qualify verification
specimens and produce certified values of absorbed energy (KV). These machines are indicated as
“reference machines” in ASTM E23-16b.

Every year, the Charpy program at NIST evaluates the indirect verification results of more than 1500
industrial machines from all over the world. To be certified for acceptance testing in compliance with the
requirements of ASTM E23, the average test results of a customer’s machine at a minimum of two different
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energy levels have to agree with the certified KV values established on the NIST master machines within
the greater of 1.4 J (1 ft-1b) or 5 %.

Since the Charpy verification program was launched at the Watertown Arsenal in the 1950s, the test
temperature for both low-energy (13 J to 20 J, Standard Reference Material [SRM] 2092) and high-energy
(88 Jto 136 J, SRM 2096) specimens has always been prescribed as —40 °C (—40 °F). In the mid-1990s,
verification specimens for a third absorbed energy level (super-high energy, 176 J to 244 J, SRM 2098)
were introduced, and those have to be tested at room temperature (RT, 21 °C £ 1 °C).

Over the years, numerous customers have approached NIST to enquire about the possibility of
verifying their machines by testing reference specimens at RT rather than at —40 °C, particularly when most
or all of their Charpy testing is carried out at RT. Note also that most of the other producers of Charpy
verification specimens in the world only require testing at RT [3].

2. Previous Investigation: Feasibility Study on NIST RT Verification Specimens

In 2015, a feasibility study was conducted at NIST [3] to evaluate the possibility of changing the test
temperature of NIST low- and high-energy verification specimens from —40 °C to 21 °C without
significantly altering the operations of the Charpy program or the accuracy of the machine verification
procedures. The results clearly indicated that in most cases, the variability of the impact test results
decreases when testing at RT, and therefore the change in test temperature actually enhanced the quality of
the SRMs produced by NIST.

The only significant issue that emerged from the 2015 investigation derived from the fact that for one
of the low-energy lots (out of three tested), a small number of specimens (2 out of 30) jammed (i.e., failed
to clear the anvils) and consequently provided unusually high absorbed energy values, which were
statistically classified as outliers. Jamming only occurred when one of the master machines (identified
herein as “TK”) was used; it is the only one with a C-shaped hammer. It was also observed that, for most
impact tests performed at 21 °C on low-energy specimens, the two broken halves tended to remain close to
the impact area (where supports and anvils are located) rather than flying out from the back of the machine
with significant kinetic energy, as normally occurs at —40 °C. This different postimpact behavior of the
broken sample is a consequence of the higher impact toughness of the steel at RT (about 10 % higher than
at —40 °C according to the study in Ref. [3]), and it causes specimen jamming at 21 °C to be slightly more
likely for a machine equipped with a C-shaped hammer.

An additional objection to the test temperature change of low-energy specimens came from technical
discussions with one of the major Charpy machine producers, who speculated that the tougher behavior of
the samples at RT could render the low-energy verification less severe for the machine (namely, the
maximum force recorded during the test decreases if specimen toughness increases).

The two issues mentioned here prompted us to seek a relatively simple, yet effective, procedure for
modifying the impact toughness of NIST low-energy specimens, so that the results of RT tests can be
considered fully equivalent to those currently obtained at —40 °C.

3. 4340 Steel: Material and Heat Treatments for Low-Energy Specimens
Both the low- and high-energy SRMs are made from AISI 4340 steel bars from a single heat to

minimize compositional and microstructural variations. The nominal compaosition of the 4340 steel is
shown in Table 1.

Table 1. Chemical composition of 4340 steel, mass fraction (%).

04 028 0.66 0.004 0.001 028 177 083
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The steel is produced by a double-vacuum-melting procedure (vacuum-induction-melt and vacuum-
arc-remelt), in order to minimize elements such as P, S, Va, Nb, Ti, and Cu.

For low-energy specimens (absorbed energy = 13 J to 20 J at —40 °C), the following heat treatment had
been recommended by the Army Materials Technology Laboratory [4]:

(@) Normalization at 900 °C for 1 h, followed by air cool.

(b) Austenitization (neutral hardening) at 871 °C for 1 h, followed by oil quench.

(c) Tempering at 400 °C for 1.5 h, followed by oil quench.

The resulting hardness was prescribed to be 46 HRC + 1 HRC (Rockwell scale C).

Note that, in order to produce high-energy specimens (absorbed energy = 88 J to 136 J), the final
tempering (step c) had to be performed at 593 °C for 1.25 h, also followed by oil quench. The expected
hardness was in the range 32 HRC = 1 HRC.

For large production lots of verification specimens (1200 specimens or more), additional steps can be
used to fine-tune the process, such as double tempering, stress relief, cryotreatment, etc. In this case,
extremely well controlled processing is needed to attain coefficients of variation® of 0.04 or lower.

Currently, the NIST Charpy program uses four different vendors for the procurement of Charpy
verification specimens. Upon request to disclose information about the heat treatment steps used in the
preparation of the specimens, only one of the vendors (identified here as “A”) complied, while the
remaining vendors (“B,” “C,” and “D”) either did not respond or claimed confidentiality of the information.
For this investigation, we therefore used specimens from one of the low-energy lots from vendor A,
identified as lot LL-161, including about 2000 specimens. For this lot, the heat treatment consisted of the
following steps? [5]:

(@) Normalization, followed by controlled increase of temperature.

(b) Furnace cooling, followed by gas cool.

(c) Quench hardening.

(d) Air cool.

(e) Wash.

(f) Tempering.

(g) Deep freeze.

(h) Final tempering, followed by air cooling.

For high-energy specimens, the final tempering (step h) is performed at a higher temperature. The
temperature of the final tempering (Ter) has a significant influence on the impact toughness level of the
Charpy specimens, as will be shown by the results of this study.

4. Test Equipment and Results Obtained

All Charpy tests were performed on the TK master machine in Boulder. The main characteristics of
this machine are listed in Table 2.

Table 2. Characteristics of the TK impact machine.

Pendulum Capacity = Hammer Impact Hammer Falling Falling

type J) weight (N)  velocity (m/s) length (m) height (m) angle (°)
C 359.5 295.3 4.89 0.90 1.22 110.7

Rockwell C (HRC) hardness measurements were performed in compliance with ASTM E18-16.

In order to investigate the dependence of the absorbed energy on Ter for lot LL-161, we asked vendor
Ato send us 15 Charpy specimens pulled out from the lot after step (f), in a condition that we will
designate “untempered” (UT).

1 Coefficient of variation: ratio between standard deviation and average absorbed energy.
2 Details of the heat treatment (temperatures, heating/cooling rates, durations, etc.) are proprietary information and are therefore kept
confidential.
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For the fully heat-treated (FHT) specimens of LL-161, the hardness and impact results shown in Table
3 were obtained during pilot lot® testing. Table 3 also includes the results of two RT Charpy tests
performed on FHT specimens from the same pilot lot. Note that all Charpy tests documented in Table 3
were performed on the TK machine (i.e., the one for which jamming had been observed in our previous
investigation).

Table 3. Test results for fully heat-treated Charpy specimens of LL-161 on the TK machine (KV = mean absorbed energy; v = velocity
of the broken specimen halves after impact).

" T Number of KV Postimpact behavior
Condition | HRC (°C) tests J) Direction (?f travel Speed
47.3* | -40 25 14.42° | Backward High
FHT 46.8 21 2 18.48 | Test 1: % forward, ¥ on base (front) Low
47.2 17.78 | Test 2: backward

2 Average value from 10 measurements.
® Average value from the 25 tests.

Table 3 also includes information about the postimpact behavior of the tested specimens, which affects
the likelihood of jamming. When the broken specimen halves are ejected backward* at high speed,
jamming is basically impossible. As the kinetic energy of the Charpy halves decreases, the likelihood of
jamming increases, and becomes highest when both broken halves fall on the base of the machine. When
tested at —40 °C, the current low-energy specimen halves fly backward at high speed, while high-energy
specimens are pushed forward by the swinging hammer at medium speed.

Two of the 15 untempered (UT) specimens received from vendor A were impact tested at RT, after
performing hardness measurements (Table 4).

Table 4. Test results for UT specimens of LL-161.

" T Number of KV Postimpact behavior
Condition | HRC (°C) tests J) Direction of travel | Speed
54.5 27.07 .
uT 545 21 2 26.96 Backward High

With respect to FHT specimens (Table 3), UT specimens are significantly harder, and their RT impact
toughness is 47 % higher. Their absorbed energy is outside the typical range of low-energy specimens (13 J
to 20 J). Their postimpact behavior is equivalent to that of FHT specimens tested at —40 °C (halves ejected
backward at high speed).

The influence of the tempering temperature on the mechanical properties (hardness, tensile strength,
toughness) of the AISI 4340 steel has been extensively studied in the past [6-9].

Most authors reported a constant decrease of hardness with increasing tempering temperature in the
range 200 °C to 600 °C [6, 7]. The specific hardness level depends on the tempering duration, and it is
slightly lower for longer tempering times [6]. Tensile properties (yield and tensile strength) also steadily
decrease with increasing tempering temperature, with more pronounced variations corresponding to longer
tempering times [6]. The effect on elongation and reduction of area is a moderate increase with increasing
tempering temperature [6, 7].

Studies that dealt with the effect of tempering temperature on the impact toughness of 4340 steel,
measured either from V-notch or I1zod specimens [8, 9], reported that absorbed energy reaches a minimum
between 250 °C and 300 °C and steadily increases up to 650 °C, where energies between 100 J and 120 J

3 “Pilot lot” indicates a first group of 100 Charpy specimens that each vendor will ship to NIST for preliminary qualification (based on
hardness measurements and Charpy tests). If the results are deemed acceptable, many more specimens (more than 1000) are sent to
NIST. This constitutes the so-called “production lot,” from which another 100 specimens are characterized. If testing of the production
lot is also successful, the lot is qualified, and the reference value of absorbed energy is calculated based on the combined results of the
pilot and production lots or the production lot alone [4].

4 With respect to the direction of pendulum swing.
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were obtained [9]. Reference [4], however, shows an almost constant value of impact toughness as a
function of tempering temperature in the range 280 °C to 390 °C (Fig. 1).
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Fig. 1. Effect of tempering temperature on RT absorbed energy for the 4340 steel [4].

The cooling rate after tempering can also influence the mechanical properties of the steel. While tensile
properties do not seem to be affected, impact toughness can be decreased if the steel is cooled slowly
through the temperature range from 575 °C to 375 °C [6]. This phenomenon is called temper embrittlement.

Using the 13 Charpy specimens remaining after testing the two samples in the UT condition (Table 3),
we investigated the effect of Ter in the range 200 °C to 350 °C on hardness, impact toughness, and
postimpact behavior.

Specimens were heat treated in a small environmental chamber that provided temperature control
better than £ 5 °C for 3 h = 5 min, followed by ambient air cooling (20 °C). Ter was varied between 200 °C
and 350 °C, in steps of 50 °C. After tempering, specimens were first measured for hardness and then
impact tested at RT (21 °C = 1 °C) on the TK machine. In addition, two fully treated specimens from LL-
161 were re-tempered (FHT+RT) at 300 °C for 3 h, and then air cooled.

Hardness and absorbed energy results are collected in Table 5, which also includes, for comparison
purposes, the data from the FHT and UT specimens already presented in Tables 3 and 4.

Hardness and absorbed energy are also plotted in Fig. 2 as a function of Ter. Our results are in
qualitative agreement with published data [6-9], insofar as they show decreasing hardness with increasing
Ter, while impact toughness exhibits a lower plateau between 300 °C and 350 °C.
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Table 5. Test results at RT for Charpy specimens of 4340 steel (LL-161).

Condition tests

Number of

Postimpact behavior
Direction of travel

| Speed

545 | 27.07 . .
uT 2 545 | 2626 Both tests: backward High
_ o 52.2 | 24.74 | Test 1: % forward, %2 on base (front)
Trr=200°C 2 52.3 | 25.75 | Test 2: forward Low
_ o 51.2 | 19.99 | Test 1: on base (front)
Trr =250°C 2 522 | 19.79 | Test 2: backward Low
494 | 17.18
49.4 | 16.78
49.1 | 17.74
Ter =300 °C 7 49.5 | 16.98 | All tests: backward High
49.1 | 17.18
49.6 | 16.98
495 | 17.68
aen o 479 | 16.88 _ . L
Ter=350°C 2 475 | 1758 Both tests: On base (%2 front, Y2 back) | Low
FHT ’ 46.8 | 18.48 | Test 1: Y% forward, % on base (front) Low
(Ter = 357 °C) 47.2 | 17.78 | Test 2: backward
FHT+RT 2 47.3 | 18.78 | Test 1: on base (front) Low
(Ter =300 °C) 46.7 | 18.98 | Test 2: forward
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Fig. 2. Hardness and Charpy absorbed energy as a function of final tempering temperature.

Our results show that the most favorable conditions to minimize the possibility of jamming are
obtained when low-energy 4340 specimens are tempered for 3 h at 300 °C, followed by air cooling.
Specifically, the postimpact behavior (specimen halves ejected backward at high speed) is the same as
conventional low-energy specimens at —40 °C, while the absorbed energy is 26 % higher, but still well
within the typical range for low-energy specimens (13 J to 20 J). Hardness, on the other hand, is
significantly higher (49.4 HRC vs. 47.0 HRC).
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Details of the seven tests performed on the specimens tempered at 300 °C are presented in Table 6,
along with average values, standard deviations (o), and coefficients of variation (CV).

Table 6. Detailed results obtained from the specimens tempered at 300 °C.

Specimen KV
D HRC Q)
5 49.35 | 17.18
6 49.40 | 16.78

11 49.10 | 17.74
12 49.50 | 16.98
13 49.10 | 17.18

14 49.60 | 16.80

15 49.50 | 17.68
Average | 49.36 | 17.19

c 0.20 2.3

CVv 0.004 | 0.021

One of the most important acceptance criteria for a verification lot by the Charpy program at NIST is
based on the sample size, nss, calculated from pilot and production tests. The value of nss represents the
minimum number of specimens from a given lot that should be tested for the indirect verification test of a
Charpy machine, and it represents a very important statistical metric for assessing the quality of the
reference specimen lot. It is defined as [4, 10]:

Nss = (3%) 2' 1)

where s, is the pooled standard deviation [11], given by

52452452
Sp = ’—1 32 =4 2

with s; = standard deviation for the ith machine, and E = the larger of 1.4 J or 5 % of the grand mean of the
absorbed energy.

For a verification lot (pilot and/or production) to be acceptable, the sample size nss needs to be less
than or equal to 5.0, since sets of NIST verification specimens consist of 5 samples.

For LL-161, the sample sizes calculated from the pilot and the production lots, both based on three
machines and 75 tests at —40 °C for each lot, were 3.94 and 2.32, respectively. Using the RT absorbed
energies listed in Table 6, a sample size of 0.61 is obtained. Although the number of data points is less than
10 % of the number of results constituting a pilot or production lot (75), our results indicate that neither the
change in test temperature nor the modification of the heat treatment has a detrimental effect on the
material’s homogeneity. This is consistent with the findings of our earlier investigation on the feasibility of
RT verification specimens [3].

Based on the results obtained, we plan to ask vendor A (the one who provided the untempered
specimens) to change the temperature of the final tempering from 357 °C to 300 °C for low-energy
specimens. This should allow testing at RT with a minimal risk of jamming (not higher than for current
tests at —40 °C).

7 https://doi.org/10.6028/jres.122.023
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5. Relationship between Hardness and Absorbed Energy for Low-Energy
Verification Specimens

The other three vendors (B, C, and D) were not willing to share with us any information about their
heat treatments. We therefore decided to use a different strategy, namely, require a higher minimum
hardness level for low-energy specimens (it is currently 44 HRC for specimens tested at —40 °C). In order
to establish this new requirement, we performed a number of RT tests on low-energy specimens from
currently available lots.

We examined the values of hardness and absorbed energy (at —40 °C) for 12 low-energy production lots
currently on sale, in order to analyze a possible correlation between these two variables. The results
collected are summarized in Table 7 and plotted in Fig. 3, considering average absorbed energies only from
the TK machine (KV+x) and from the three reference machines (KVay). Historically, the TK machine has
always provided consistently lower absorbed energy values than the remaining reference machines at the
low-energy level. This was recently highlighted in a study of historical data for the NIST reference
machines [12], which attributed this behavior to the stiffer design of the TK machine, as demonstrated by
measurements of machine compliance performed in the framework of another investigation [13].

Table 7. Hardness and average absorbed energies at —40 °C for 12 low-energy production lots.

Iﬂgt Vendor HRC K(\SK K(T]/)a"

LL-135 A 47.31 | 14.27 | 15.54

LL-136 B 45.03 | 16.05 | 17.05

LL-144 A 46.71 | 13.66 | 15.15

LL-146 A 46.50 | 13.98 | 15.01

LL-147 A 46.52 | 13.85 | 14.96

LL-149 C 46.70 | 14.62 | 15.59

LL-151 C 44.37 | 16.59 | 17.64

LL-155 A 46.78 | 14.13 | 15.29

LL-156 A 47.12 | 14.45 | 15.95

LL-161 A 47.32 | 14.42 | 1554

LL-162 A 47.04 | 14.68 | 15.82

LL-165 D 4573 | 12.08 | 13.00

185

175 | 4 e .
- Iy =-0.7256x+49.506]

-< A | R2=0.652 !

16.5

155

145

N y=-0.5761x+41.144
e TK machine R? =0.2209 @ ==

135 | A All master machines | 0

Absorbed energy at -40 °C /)
o

Linear (TK machine) i R2=0.7029 |
— —Linear (TK, except LL-165)
125 ——Linear (All master machines)

— —Linear (Master machines, exc LL-165)

11.5

44 44.5 45 45.5 46 46.5 47 47.5

HRC
Fig. 3. Relationship between hardness and energy absorbed at —40 °C for 12 low-energy verification lots.
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Figure 3 indicates that absorbed energy decreases as hardness increases, but the degree of correlation is
weak or moderate,® unless the LL-165 lot (which appears to be an outlier) is removed, in which case the
correlation coefficients® change from —0.46999 (KV1«) and —0.39082 (KVa) to —0.83839 and —0.80749,
respectively. The reason for the outlier behavior of LL-165 is not apparent; however, we note that it is the
only lot in Table 7 that came from vendor D, and therefore its results could depend on the specific heat
treatment applied (which is different for each of our vendors).

We selected 4 of the 12 lots in Table 7 for Charpy tests at RT, two with HRC < 47 and two with HRC
> 47. Four or six specimens were tested on the TK machine for each lot, and for every test the post-impact
behavior was recorded. The results are provided in Table 8, while Fig. 4 illustrates the relationship between
hardness and RT absorbed energy.

Table 8. Hardness and RT absorbed energy for four low-energy verification lots.

Postimpact behavior

17.13 Backward (v = medium)
20.19 On base (back)
LL-135 | 47.31 A 17.28 On base (back)
17.68 % backward (v = low); ¥ on base (back)
25.13
24.43 . _ .
LL-151 | 44.37 C 23.92 All tests: forward (v = medium)
23.62
17.28 On base (%2 front, % back)
17.38 | % backward (v = medium); %2 on base (front)
) 19.18 On base (front)
LL-161 | 47.32 A 16.77 Backward (v = low)
18.08 On base (%2 front, ¥ back)
17.48 On base (front)
15.87 % on base (front); % forward (v = low)
) 15.17 On base (%2 front, ¥ back)
LL-165 | 45.73 b 14.77 On base (front)
16.47 Forward (v = medium)

The data presented in Table 8 indicate that a hardness level of 47 HRC is not sufficient to exclude
specimen jamming at RT. Therefore, a higher minimum hardness level is needed. Considering that the
average measured hardness was 49.4 HRC for specimens tempered at 300 °C, we will set the minimum
hardness level for RT low-energy verification specimens to 49 HRC. This decision is based on an
engineering judgment, resulting from the limited number of data available, and it will be subjected to
periodical reevaluations.

The results depicted in Fig. 4 confirm the trends previously observed on —40 °C tests (Fig. 3): When
the outlier lot LL-165 is removed from the relationship, the correlation coefficient between hardness and
absorbed energy changes from —0.63997 to —0.95536.

5 Conventionally, a correlation is very weak when R is between 0 and 0.19, weak between 0.2 and 0.39, moderate between 0.4 and
0.59, strong between 0.6 and 0.79, and very strong between 0.8 and 1 [14].
& Correlation coefficients are negative because absorbed energy decreases as hardness increases.
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Fig. 4. Relationship between hardness and absorbed energy at 21 °C (RT) for four low-energy verification lots.

6. Conclusions

Despite being based on a limited number of available specimens, this study allowed us to identify a
suitable modification in the heat treatment of 4340 steel. This modification is desirable in order for the
behavior of low-energy verification specimens, during and after impact at RT (21 °C + 1 °C), to be
equivalent to that of current specimens tested at —40 °C. The required modification consists of lowering the
temperature of the final tempering treatment from 357 °C (according to the information provided by one of
our vendors) to 300 °C for 2 h, followed by air cooling. Specimens tempered at 300 °C exit the machine
backward at high velocity (thus minimizing the chance of jamming) and exhibit toughness properties that
are fully comparable to those of current specimens when tested at —40 °C.

For those vendors who were unwilling to share with us information about their heat treatment, we plan
to change the requirement for the minimum Rockwell C hardness of low-energy specimens from 44 HRC
to 49 HRC. Although some undesirable postimpact behavior (specimen halves falling on the machine base)
was observed even for specimens with hardness as high as 51 HRC to 52 HRC, we believe that the change
in the hardness requirement will prompt those vendors to modify the temperature of the final tempering
treatment and therefore provide us with the desired RT impact toughness properties.
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