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Effects of Intercritical Heat Treatment on the Temper Embrittlement of
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Abstract: To analyze the effects of intercritical heat treatment on the temper embrittlement of SA508 Gr.4N
steels, two model alloys with different phosphorus (P) contents were fabricated. Each sample was heat treated
by applying a conventional heat treatment process (quenching-tempering) with/without an intercritical heat
treatment process (IHT) and a step-cooling heat treatment for temper embrittlement. Then their
microstructure and mechanical properties were evaluated. The microstructure of the SA508 Gr.4N model alloy
was composed of tempered lower bainite and martensite, and nano-sized precipitates formed both inside and
at boundaries. The grain size was reduced when THT was applied. There was a small difference in tensile
properties according to the heat-treatment conditions and P contents, but the difference in Charpy impact
properties was large. The heat treatment for temper embrittlement (TE) increased the impact transition
temperature, and a very significant increase was observed in steels with a high P content. The increase in
transition temperature owing to TE was reduced when THT was applied. The fractograph analysis of Charpy
fractured specimens at transition temperatures showed that an increase in intergranular fracture was main
reason for the TE, and that IHT reduced the formation of intergranular fracture. The AES results showed
that P-Ni was segregated at grain boundaries, and the level of segregation was reduced by applying IHT. This
occurred because the formation of prior austenite grain boundaries by IHT dispersed the P at grain
boundaries, and reduced the amount of P segregation.
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Table 1. The chemical contents of samples for SA508 Gr.4N steel

- A Z 8 A Al61d A10E (2023 10Y)

C Mn Si P S Ni Cr Mo \Y% Fe

ASTM g:) 5628 GraN 1(\)/;1 0.2-04 0.4 Max (I)\/?zi? (1)\/(1)33 2839 1.5-2.0 0.40-0.60 1(\)/[21 Bal.
Aim 0.2 0.3 0.25 0.004 0.003 3.5 1.8 0.5 0.004 Bal.

Analysis  0.198 0.228 0.245 0.003 0.006 3.41 1.83 0.51 0.006 Bal.

Aim 0.2 0.3 0.25 0.020 0.002 3.5 1.8 0.5 0.004 Bal.

Analysis  0.209 0.331 0.257 0.029  <0.002 3.63 1.87 0.541 0.0088 Bal.
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Heat treatment abbreviation:

R: Austenitizing — Tempering

RE: Austenitizing — Tempering — Step cooling

I: Austenitizing — IHT — Tempering

IE: Austentizing — IHT — Tempering — Step cooling

Step cooling
590°C/5hr-> 575°C/1hr-> 538°C/15hr->
524°C/24hr-> 496°C/48hr-> 468°C/72hr
(Option)
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Fig. 2. The results of dilatometer and DSC test for determination of interciritcal heat treatment conditions

Table 2. The A. and A temperatures of samples obtained by
dilatometer, DSC, and Andrew equation

Test method

Specimen (heating rate) Aa () As ()
Dil. (3°C/min) 751 786
Dil. (10°C/min) 760 796
AR Dil. (28°C/min) 790 830
DSC (10°C/min) 734 782
Andrew eq. 698 792
BR Andrew eq. 708 798

opddAA TN 2% AHS YA ALl dilatometer
9} DSC(Differential scanning calorimetry) w213} ThH-2]
Andrew 2]-& &3 HE oS25E 33T Dilatometer
AFE $&E5% 3°C/min, 10°C/min, 28°C/min Al Z719)

T O w1
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AF2rx I F3lAth.
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723-10.7Mn-16.9Ni+29.1Si+16.9Cr+290As+6.38W
Acy(°C) =

910-203 A/C- 15.2Ni+44.7Si+104V+31.5Mo+13.1W

Additional factor :
-(30Mn+11Cr+20Cu-700P-400A1-120As-400T1)
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PAGB: Prior Austenite Grain Boundary

Fig. 3. Microsturcture images of sample A according to the heat
treatment conditions
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PAGB: Prior Austenite Grain Boundary

Fig. 4. Microsturcture images of sample B according to the heat
treatment conditions

Fig. 5. Comparison of prior austenite grain size of specimens using
optical microscope images
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Fig. 6. The stress and strain curve of specimens at RT and 288°C
Table 3. The tensile properties of specimens at RT and 288°C
. RT (25°C) 288°C
Sample Specimen
YS (MPa) UTS (MPa) El (%) YS (MPa) UTS (MPa) El (%)
AR 5731 729+1 16.7£0.2 507+0 66542 12.6+0.2
Gr4N ARE 574+7 701£8 17.9£1.0 484+5 609+6 12.9+0.2
(A) Al 561£2 7061 18.9+£1.0 493+1 64142 13.9+0.5
AlIE 552+1 686+1 16.0+0.2 463+1 590+2 12+0.7
BR 594+4 7831 16.8+0.8 541+0 73043 10.8+0.7
High P Gr.4N BRE 593£3 745+1 17.6+0.2 505+1 647+2 11.7+0.1
B) BI 569+4 764+3 18.2+0.6 522+0 721+1 1320.1
BIE 567+1 721+1 17.9+0.1 481+0 632+1 14.2+0.7
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Table 4. The Charpy impact properties of specimens
Sample Specimen USE (J) DBTT (°C) Ty (°C) Tes1 (°C)
AR 241 -102.6 -140.1 -128.2
Gr4N ARE 272 612 -110.1 922
(A) Al 264 939 -139.7 1225
AIE 256 726 -120.8 -102.1
BR 200 -44 -87.0 652
High P BRE 204 12 742 2.6
Gr4N
®) BI 213 -48 -85 -67.4
BIE 226 77 28 493
(a) *° F 9923 GH2)E 589 BIE AUE 993 9
%07 2|2 <la] DBTTE 125°C, Ty 113°C Z7}e] Hol&
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Fig. 7. Charpy absorbed energy and transition curves of specimens
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